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ABSTRACT
Colloidal quantum dots (QD) are promising semiconducting materials to engineer
photovoltaic and optoelectronic devices due to tunable size-dependent absorption and
emission properties. These materials are important as they don’t need complicated
equipment and huge setup investment for industrial applications. If formulated into a kind
of stable nano-ink, these QDs can be incorporated into devices using the most economical
processing technologies, spray or roll to roll printing. More importantly, these are
compatible with thin-film stacked devices and circuitry that can be formed on heatsensitive and flexible substrates to make flexible wearable devices and sensors that are
difficult to achieve with crystalline-based material in existence. QD processing technology
consists of three main steps (I) Synthesis (II) Purification (III) and ligand exchange and
device fabrication. With well-established synthetic procedures, great effort has been done
on ligand exchange and device fabrication but there has been negligible attention given to
purification strategies. Another major hurdle for their industrial applications is very shortlived post-ligand exchange QD solution stability that compromises the QD ink quality even
before device fabrication.
This thesis is divided into six chapters. First, I will introduce QD chemistry,
applications, and post-synthesis purification en route to device fabrication. Second, I’ll
introduce Gel Permeation Chromatography (GPC) as a purification technique in parallel to
the established precipitation/re-dispersion (PR) method. This section will demonstrate the
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effectiveness of GPC in removing byproducts and unbound ligands from PbS QDs, and the
subsequent applicability of the GPC-purified QDs in optoelectronic devices. In the third
and fourth chapters, I will present highly stable 3-mercaptopropionic acid (MPA) capped
and halide capped PbS QDs, dispersed in a single non-coordinating organic solvent, to
form printable p-type and n-type nano-inks. These inks are stable and suitable for making
standalone, heterojunction, and p-n junction solar cell and photodetection devices. These
inks should make QDs a viable option for industrial-scale manufacturing of QD devices
through spray, or roll-to-roll printing processes. Chapter 5 will introduce AgBiS2 based
QDs ink as environment friendly alternative to eliminate toxicity concerns associated with
the current state of the art PbS QD system. This ink has been utilized to fabricate flexible
photodetectors to show its broad applicability in sensitive areas such as food processing
and biomedical applications. Lastly, Chapter 6 of this thesis demonstrates scanning
photocurrent microscopy (SPCM) as a diagnostic technique to characterize III-nitride
(GaN/AlGaN) based high electron mobility transistor (HEMT) structures for growth
defects and current conduction mechanisms via sub-bandgap excitation.
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CHAPTER 1
INTRODUCTION TO QUANTUM DOT TECHNOLOGIES
1.1 A STATEMENT ON MOTIVATIONS
In the 21st century, climate change is the single largest threat to the global
ecosystem, stemming from greenhouse gasses emission for energy production. Until we
scale up the alternatives to fossil fuels, the world will continue to face two kinds of energy
problems: access to energy that results in ~80% of global greenhouse gasses emission, and
the lack of availability to hundreds of millions of people entirely, living remotely around
the world1. It is predicted that the world’s electric energy consumption will be doubled
from today to ~30 TW (3×1013 W) by 20502. Solar energy is a promising alternative to
generate electricity at a large scale without impacting the environment. The current stateof-the-art available commercial technology is based on crystalline silicon, and widespread
use of this photovoltaic (PV) technology at a global scale is limited due to its high per
kilowatt-hour upfront cost. Another technical disadvantage of silicon-based PVs is, they
can only harvest ~50% solar spectrum at best due to non-avoidable intrinsic losses,
primarily related to the energy bandgap for photon absorption. Therefore, it is crucial to
discover new materials with a smaller bandgap, either matching with the solar spectrum or
employed in tandem, to achieve higher efficiencies to meet the modern-day demand for
electricity at a lower cost.
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The current electronics-driven era is founded on the semiconductor revolution
based on high purity crystalline semiconductors. The desire to incorporate electronics
everywhere and in every form has fueled the hunt for new materials enabling us for
simple design and fabrication techniques for low-cost, flexible devices which are limited
through current crystalline-based materials and fabrication tools3.
Along these lines, inexpensive colloidally prepared quantum dots (QD), which are
zero-dimensional nanocrystals of analogous bulk semiconductor crystals, exhibiting
quantum confinement effects, offer a powerful platform for innovative device
engineering4–6. QDs are promising light absorber material for PVs and optoelectronic
applications, due to size-dependent, tunable bandgap, multi-exciton generation
phenomena, and material processing that is compatible with a variety of flexible and heatsensitive substrate and device fabrication techniques at a commercial scale7. Especially,
for photovoltaic applications, the size-dependent tunable bandgap and diverse device
configurations accessible with QDs can help in effectively harvesting the solar spectrum.
For example, multijunction solar cells of compatible semiconducting materials with
different bandgaps can act as tandem devices, breaking the Shockley-Queisser limit with
theoretical efficiencies over 60%8–10.
1.2 COLLOIDAL QUANTUM DOTS
A semiconducting material offers electronic and optical properties that can be
modified through doping and chemical composition. A quantum dot is a nanocrystal of
semiconducting material terminated by the surface ligand to preserve the particle size, that
offers additional parameters of size and surface chemistry controlled optical and electronic
properties11,12. These unique properties are stemming from large surface area and
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quantization effect within nanocrystal enabling us to engineer nanomaterials with
controlled absorption and emission spectrums, and electronic charge transport13. The
absorbance of the above bandgap photon creates an electron-hole pair, that are free to move
in the bulk of the semiconductor’s conduction and valence band respectively. In materials
with high dielectric constants, electron-hole pairs can get bound by weak coulombic force
to form an exciton that is analogous to electron and proton in the hydrogen atom. This
distance between charge carriers is known as Bohr’s exciton radius (RB):

𝑅𝐵 =

ℏ2 ℰ
∗
𝑞 2 𝑚𝑒,ℎ

Eq.1.1

Here, ε, ħ, m*e,h, and q are dielectric constant, reduced Planck constant, reduced mass of
holes and electrons, and elementary charge constant, respectively14,15. As we reduce the
size of semiconducting nanocrystal below the Bohr radius, the motion of charge carriers
becomes confined and the energy level become discrete, which results in increased and
size-dependent bandgap. The RB for several commonly explored QD materials is: 5 nm for
CdSe, 5nm for AgBiS2, 15nm for InP, 15nm for PbS, and 34nm for InAs. That means
particles of these materials smaller than their RB will exhibit strong quantum confinement.
1.3 PbS-QUANTUM DOTS
Due to technological relevance, low cost and large Bohr exciton radius, which offer
strong quantum confinement effect and tunable bandgap across the shortwave to nearinfrared range (0.4eV-2eV), PbS QDs have been intensely studied as a model platform for
colloidal QD optoelectronics9. More importantly, many published examples are available
for straightforward and well-established synthetic methods and material properties
comparison that govern device performance16. We will use PbS-QD system to investigate
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effect of purification on charge transport in Chapter-2 and explore new strategies to
formulate QDs based solution processable inks for broad technological and industrial
applications in Chapter-3 & 4.

Figure 1.1: Concept graphics for (a) energy band diagram of bulk semiconductor and
quantum dot (b) size dependent bandgap diagram for quantum dots (c) size dependent
absorption profile of PbS QDs in solution (d) bandgap comparison of crystalline based
materials and PbS QDs
1.4 GREEN QUANTUM DOTS (AgBiS2)
In many parts of the world there is now, or soon to be, legislation to restrict, and in
some cases ban certain toxic heavy metals in consumer and household appliances such as
lighting equipment, consumer electronics, leisure & sports equipment. Therefore, for
colloidal quantum dots to be commercially viable in many applications, they must not
contain any controlled heavy elements like mercury (Hg), Cadmium (Cd) and lead (Pb).
Therefore, there is a need to explore less toxic and environment friendly QD systems17.
In last years, AgBiS2 nanocrystals with a narrow bulk bandgap of ∼0.8 eV, and a large
absorption coefficient ∼105 cm−1 have emerged as an appealing eco-friendly candidate for

4

NIR-Photodetectors and solar cell applications. In Chapter 5 of this thesis, we have
extended the research concepts learned from PbS QDs to AgBiS2 demonstrating its general
applicability for any such colloidal nanocrystal system18.
1.5 COLLOIDAL QUANTUM DOT APPLICATIONS
Solution processable colloidal quantum dots can be incorporated in solid state
devices to convert photon flux into electric power and to modulate and transmit charges
under bias in photodetectors, field-effect transistors (FET), and in novel hybrid devices
Figure 1.2 3,4,19,20. In principle, a solar cell (PV) is a device that converts light energy into
electrical energy in a single-step fashion. Above bandgap absorbed light creates
photoexcited electron and hole that are then separated and transported through the QDs
matrix for collection at opposite electrodes.

Figure 1.2: Potential applications of colloidal quantum dots in energy harvesting and
photodetection devices
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In photovoltaic applications, there are several possible device architectures to
employ QDs as absorber materials but the most common architectures are metalsemiconductor (Schottky junction), heterojunction, and p-n junction solar cells. Figure 1.3
depicts the architectural view and band diagram for few of these devices.
QD with strong optical absorption and tunable bandgap (e.g. ~0.4eV-2eV for PbS)
are ideal light absorbing material for Near-infrared light detection. Multispectral detectors
operating in near-infrared, visible, and ultraviolet regimes can easily be engineered in a
single non-cooling device on flexible and heat-sensitive substrates21. Photoconductor and
photodiode are the two most common device architectures for QD photodetectors, later
being preferred due to low dark current and higher detectivities.

Figure 1.3: Concept graphics for various QD photovoltaic device configurations with
respective band diagram indicating working mechanism and flow of charges
1.6 COLLOIDAL QUANTUM DOT SYNTHESIS
Monodispersed organically passivated QDs are synthesized through a bottom-up
(assembling atoms to form the desired nanostructures) approach to obtain large quantities
of QDs, inexpensively. In this process, precursors are rapidly mixed in a non-coordinating
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solvent, at elevated temperatures (~80- 200°C), in the presence of surface capping ligand
molecules (e.g. oleate) Figure 1.422,23. The process involves a short nucleation phase
during the supersaturation condition when precursors are mixed. This nucleation relieves
the supersaturation and prevents further nucleation, followed by a slower, controlled
growth phase on top of those initial nuclei24. The use of mixed precursors results in alloy
type NCs18, though the final composition is rarely a direct function of initial precursor
stoichiometry: an example is AgBiS2 NCs, for which a detailed synthesis process is given
in Chapter-4.

Figure 1.4: A reaction scheme for PbS QD synthesis and assembly of these QDs into
thin film devices
1.7 COLLOIDAL QUANTUM DOT PURIFICATION
QDs are synthesized in high boiling point non-coordinating solvents in the presence
of access of capping ligands. In order to assemble QDs into functional devices, postsynthesis purification is required to get rid of growth solvent, reaction byproducts and
residual precursors. There are several purification methods available but precipitationredispersion (PR) is the foremost used technique in QD research.
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Figure 1.5: QD purification process comparing precipitation and redispersion (PR) (on top) and Gel Permeation
Chromatography (GPC) on bottom. (a) the loading of crude QD sample into the column, inset depicting microscopic view
of porous stationary phase (b) separation of QD and impurities on the basis of their rate of elution, QD being larger in size
eluate faster (c) visualization of purification process, blue dye was added to mimic and provide visuals for small molecules.

PR process involves the addition of anti-solvent for QD agglomeration, separation through
centrifugation, and redispersed of QDs in neat solvent again23. Such a single PR cycle is
insufficient to get a clean product and must be repeated several times that leads to
inconsistent ligand quantification and may result in loss of native ligands bound to the
surface. The exposure to harsh polar solvent and forced aggregation during a PR cycle, can
induce irreversible damage to QDs surface, causing poor size distribution, and particle
coalescence to form trap states for charge carriers. This presents a tradeoff between QD’s
surface degradation and removal of reaction by-products25. The Greytak group has
established gel permeation chromatography (GPC) as an effective way to purify colloidal
quantum dots that can break this tradeoff. GPC is a size exclusion chromatography that
separates analytes on the basis of size through which larger particle elutes faster than
smaller. It effectively separates QDs from byproducts and unreacted precursors with a very
consistent ligand population and surface chemistry. Thus, following purification, the
population of native ligands can be quantified26–30. As, the surface chemistry of CQDs
dictates the electronic parameters of material, establishing a well-defined initial state of
purified CQDs is a valuable starting point to study the effect of surface modification and
different device fabrication methods on charge transport in QDs based devices. A
comparison between PR and GPC purification strategies is depicted in Figure 1.5. Chapter2 of this thesis describes the effect of these purification routes on optoelectronic properties
of PbS QD solids
1.8 LIGAND EXCHANGE PROCESS
Nanocrystalline cores are passivated by long-chain ligands [typically, oleic acid
OA] to control the growth process, passivate the surface, and maintain their colloidal
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stability. However, the presence of these capping ligands directly influences the
conductivity in assembled QD solids, that greatly depends on the separation between
neighboring NCs. Long-chain ligands (~2nm OA) form an insulating layer and act as
tunneling barriers for charge carriers resulting in a weak coupling between the individual
QD, as the wave function of the charge carriers in each QD is still effectively confined
within the nanocrystal. To achieve better device performance, the basic requirement is to
reduce interparticle distance and fabricate densely packed, compact, and crack-free films11.
This is a primary requirement to promote not only band-like transport but it also favors the
hopping of charges from on crystal to another within film matrix3,31,32. It was realized that
post-synthetic treatments are inevitable to increase the optoelectronic performance of the
CQDs-based device that can be achieved by replacing the bulky ligands with shorter and
more conducting smaller molecules through a ligand exchange step. There are a variety of
smaller thiols, amines and carboxylate type molecular ligand examples available in
literature along with inorganics anionic ligands e.g., (Cl-1, Br-1, I-1), SnS44-, SnTe44- and
MoS42- are the most notable examples6,9. These new ligands can be installed on QD by: (i)
solid-state ligand exchange (SSLE) or (ii) Solution phase ligand exchange (SPLE). These
ligand exchange processes are compared in Figure1.6. The solid-state ligand exchange
process consists of, assembling QD film onto the substrate with native ligands, introducing
secondary ligand by dropping or amercing in secondary ligand solution, and rinsing off
exchanged and free ligands. This process is convenient when the incoming ligand has very
high reactivity. But a complete ligand exchange is implausible as QDs have limited degree
of freedom and are tightly held onto the substrate.
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Figure 1.6: Ligand exchange processes (top) solid state exchange process flow chart
(bottom) solution-phase exchange process and film fabrication process
This process also results in uneven morphology, voids, and cracks that are
inevitably formed due to mass lose by replacing long-chain ligands with shorter molecules.
In order to overcome these problems, SSLE process is repeated several times, successively
filling the gaps from previous layers to make a compact and uniform film. Along these
lines, SSLE process is not compatible with large-scale industrial applications as only about
1% of synthesized QDs end up being incorporated into devices and repetitive nature of
ligand exchange step33. To overcome these issues, solution-phase ligand exchange is an
inexpensive approach that is compatible with high output and large-scale industrial
applications. In SPLE, ligand exchange is done in the solution phase to formulate quantum
dot inks that can be directly incorporated into devices through more conservative spray or
roll-to-roll printing techniques for large area deposition for mass scale photovoltaic
applications34.
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1.9 CHARGE TRANSPORT IN QD SOLIDS
A single Quantum dot can be modeled as a site-localized wave function and with
long chain bulky ligands, charge transport can only occur through hopping from one dot to
another. As the inter particle separation decreases by replacing long chain ligand with
smaller molecules, it improves the packing of the films and the neighboring wave functions
start to overlap generating some extended states which improves “through the band”
transport, while close packing of QD also enhances the tunneling transport between
localized QD states. Just like in atomic solids, in QDs, interactions between the electronic
wave functions of nearby CQDs decrease exponentially with inter-dot spacing32,35. On
nanometer scale, QDs can be locally ordered, long-range-ordered or super crystals that also
increase the charge mobility from locally ordered to long rang ordered crystals36. Another
major factor in charge mobility is surface defects, which can arise from lattice defects or
grain boundaries. Carrier trapping at surface defects can also cause increased non-radiative
recombination. Reversible carrier trapping in shallow trap states is one of the main origins
of hysteresis and deteriorates the carrier lifetime which is a key parameter in determining
the charge transport in QDs37,38.
Bulk conductivity “σ” (1/resistivity “ρ”) is a simplest parameter to assess the ease
of charge transport in assembled solids.
𝜎 = 𝑛𝑞µ𝑒 + 𝑛𝑞µℎ

Eq.1.2

Here n is the intrinsic carrier density, q is elementary charge, and “µe,h” is the charge
mobility for electron and hole respectively. The transmission line model (TLM)
measurement technique, is a direct approach to measure film resistance separately from
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contact resistance. In this technique, resistance is measured between pairs of neighboring,
parallel contacts with increasing spacing.

Figure 1.7: A sketch of TLM device and measurement setup

The slope of resistance versus device length is nominally the resistance per unit
length, equal to Rs/W. Here, Rs is sheet resistance and W is width of the contacts. As the
film thickness is known, the bulk resistivity for the film can be obtained as:
1⁄ = 𝜌 = 𝑅 . 𝑑
𝑆 𝑄𝐷
𝜎

Eq.1.3

Here dQD is the film thickness39.
For a photoconductive device, with ohmic contacts, the linear increase in
photoresponse is an indicator of photoconductive gain (𝒈), that can be obtained from
directly measured responsivity (R). Responsivity is the performance of a photodetector in
term of photocurrent generated per unit incident optical power at given wavelength. The
gain (𝒈) a photodetector is in direct relation to the responsivity and external quantum
efficiency (EQE) of the device under monochromatic illumination as:

𝑔=

𝑅. 𝐸𝑝ℎ
𝐸𝑄𝐸
=
−𝐴
1 − 10
1 − 10−𝐴
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Eq.1.4

Here Eph is the photon energy in eV and A is the absorbance of the film at the excitation
wavelength, neglecting scattering and reflection. In general, the photoconductive gain can
contain contributions from both electrons and holes:

𝑔=

𝑉
(µ + µℎ )𝜏𝑟𝑒𝑐
𝐿2 𝑒

Eq.1.5

Here μe and μh are the electron and hole mobilities, respectively, V is the applied voltage,
and L is the length of the device in the direction of transport40. Charge transport in QD is
often time reported in terms of charge carrier mobility 𝝁𝒆,𝒉 . Mobility is defined as the
movement of charges under applied potential or in simple words, it is the ease with which
charge carrier can travel through a material. Generally, the photoconductive gain can
contain contributions from both electrons and holes and so the resulting mobility.
µ = µ𝑛 + µ𝑝

Eq.1.6

In practice, one carrier may become rapidly localized in low-mobility traps, in
which case, μτrec is determined by the more mobile carrier, which continues to cycle
additional charges through the device until the ground state is recovered through
recombination. This more mobile charge carrier is referred as majority carrier and the
associated mobility can be estimated by:
µ=

𝐿2
.𝑔
𝑉𝜏𝑟𝑒𝑐

Eq.1.7

Along with several other techniques available in literature, researcher have
measured the mobility of charges using back-gated I-V measurements of field-effect
transistor (FET) structure fabricated on SiO2 dielectrics with conductive Si substrates
assuming FET is biased in triode region of output characteristics. However, the field-effect
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mobility may not accurately describe the behavior of charge-collecting devices due to
limitations associated with carrier density, estimation of gate capacitance particularly in
films that may experience compensation due to mobile ions or high trap density, and
dependence of contact resistance on gate voltage near pinch-off41. In contrast, we have
used directly measured, photoconductive gain and recombination lifetime to estimate
carrier mobility for majority carriers in ohmic devices using Eq. 1.7.
In order to extract the mobility of minority carriers, the diffusion length (LD) paired
with lifetime in rectifying devices was used to estimate minority carrier mobilities. The
details of these techniques are given in Chapter-2. The minority carrier diffusion lengths
in lateral rectifying devices can be measured using scanning photocurrent microscopy.
1.10 SCANNING PHOTOCURRENT MICROSCOPY

In semiconductors, the mobility of charges depends is intrinsically related to two
properties, the diffusion length and carrier life time:
𝒒𝑳𝟐𝑫
𝝁=
𝝉𝒏 𝒌𝑩 𝑻

Eq.1.8

In this study we have focused on the charge carrier mobility and effecting factors
specially, diffusion length and carrier life time. Diffusion length (LD) is a lateral distance
that a charge carrier is able to move in its lifetime before recombination or absorbed by a
trap state. In case for QDs, it is characteristics for each material, depending on synthesis,
packing and inter-particle distances. Scanning photocurrent microscopy (SPCM) is a
versatile experimental technique that offers a wealth of information about optoelectronic
properties of these semiconducting materials, including charge transport dynamics42–44.
Analogous to other scanning probe microscopy techniques, SPCM uses above bandgap
focused light beam instead of a probe tip to excite the material locally to generate electron-
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hole pairs. The excitons are then (electrons and holes) free to relax, recombine, drift, and
diffuse. If these carriers reach the electrodes before recombination, a photocurrent signal
is observed. The resultant photocurrent is plotted as a function of position on the device to
from a two-dimensional image. The collected photocurrent can be modeled by simple 1D
exponential curve as a function of distance xo45.

𝐼𝑝ℎ =

𝑒𝐺
−𝑥𝑜
exp (
)
2
𝐿𝐷

Eq.1.9

Here, G is the charge carrier rate of generation, e is the electron charge, and LD is diffusion
length, which can easily be extracted by fitting the photo current without the need of any
other charge transport parameter.

Figure 1.8: Scanning photocurrent microscopy experimental setup

1.11 THESIS OVERVIEW
Colloidal quantum dots (CQDs) are promising semiconducting materials to
engineer photovoltaic and optoelectronic devices due to tunable size-dependent absorption
and emission properties. There has been negligible attention given to purification strategies
and systematic efforts to find the ideal ligand populations to optimize device performance.
16

In first chapter of this thesis, gel permeation chromatography (GPC) will be introduced as
as a purification technique and its effectiveness in removing byproducts and unbound
ligands from PbS QDs and subsequent applicability in optoelectronic devices. It was shown
that post synthetic purification and optimum ligand population can significantly impact
physical characteristics device performance.
In second and third chapter, this thesis presents highly stable 3-MPA capped and
halide capped PbS QDs dispersed in a single non-coordinating organic solvent. These ptype and n-type inks are stable and suitable for making standalone, heterojunction and p-n
junction solar cell and photodetection devices using drop casting, spray, or roll-to-roll
printing processes.
Over the last decade, inorganic QDs, for example PbS and CdSe QD systems have
been explored but environmental regulatory concerns have been raised due to toxic heavy
metals in such materials, opening an opportunity for exploration of environment friendly
alternatives such as AgBiS2. Chapter-4 will describe electrostatically stabilized 3mercaptopropionic acid (MPA) capped AgBiS2 QDs dispersed in organic solvent that are
stable over a period of weeks or longer. These inks should be suitable for making NIRphotodetectors on flexible and heat sensitive substrates using spray or roll to roll printing
techniques for food processing and biomedical applications.
Last Chapter of this thesis discuss the scanning photocurrent microscopy (SPCM)
as a diagnostic technique to characterize III-nitride (GaN) based High Electron Mobility
Transistor (HEMT) structures for growth defects and current conduction mechanism.
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CHAPTER 2
IMPROVED CHARGE TRANSPORT IN PbS QUANTUM DOT THIN FILMS
FOLLOWING GEL PERMEATION CHROMATOGRAPHY PURIFICATION*
1.1 INTRODUCTION
The desire to incorporate improved and broadly deployable photodetectors and
photovoltaics in daily life has fueled the hunt for new materials which enable simple design
and fabrication techniques for low-cost, flexible, and large area semiconductor devices46–
48

. Semiconducting colloidal quantum dots (QDs), which are zero-dimensional, nanoscale

crystals of analogous bulk semiconductors, offer a versatile platform for engineering
photovoltaic devices, displays and flexible electronics3,49,50. QDs are promising
semiconducting materials for electronic and optoelectronic devices due to tunable sizedependent band gap, multi-exciton generation, and high achievable quantum
efficiencies51,52.
In traditional solution-based synthesis of QDs, long chain organic ligands (e.g.
oleate) are used as surface capping agents to preserve size and prevent aggregation51,53.
Great efforts have been made to find suitable short-chain surface ligands to reduce spacing
between adjacent QD’s and improve charge transport in optoelectronic devices

*

54–57

. To

Reprinted with permission from Ahmed, F.; Kelley, M. L.; Chandrashekhar, M.;
Greytak, A. B. Improved Charge Transport in PbS Quantum Dot Thin Films Following
Gel Permeation Chromatography Purification. The Journal of Physical Chemistry C 2021
125 (32), 17796-17805 DOI: 10.1021/acs.jpcc.1c04218
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build devices out of QDs, post synthesis reaction byproducts and residual precursors are
removed by multiple precipitation and redissolution (PR) cycles. The PR technique uses
polar anti-solvents that can promote QD aggregation.58 Multiple PR cycles result in loss of
native ligands bound to the surface, which can induce surface traps that degrade the
optoelectronic performance of the dots.59–63 Ligands also inhibit coalescence, which has
been shown to lead to electronic traps in QD films.64 This presents a tradeoff between QD
agglomeration and removal of reaction byproducts and residual precursors through
multiple PR cycles. Greytak group has shown that post-synthesis purification of QD’s by
gel permeation chromatography (GPC) can break this tradeoff.26,65–67 GPC is an effective
way to separate analytes on the basis of size, through which larger particles elute faster
than smaller ones. It effectively separates QDs from byproducts and unreacted precursors,
while reproducibly preserving ligand surface termination. GPC also prevents
agglomeration by keeping QDs dispersed in a homogenous solvent environment during
purification. Post synthesis purification steps are particularly crucial in solid state ligand
exchange and film fabrication(SSLE) where diffusion of ligands, impurities, and QDs is
limited within the deposited film.68 While GPC purified QDs have been employed in
electronic devices, film’s electronic properties including conductivity, photoconductivity,
and photocurrent lifetimes have not been directly examined in SSLE films prepared
following GPC or compared to similar films prepared following PR. Such comparisons are
necessary as effective purification strategies could help eliminate factors such as cracks,
surface traps, and coalescence of QDs can that degrade QD film performance.
Because PbS QDs offer effective bandgaps tunable across the shortwave to nearinfrared range, and synthetic methods with good control of size distributions have been
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developed, PbS QDs have been intensely studied as a model platform for colloidal QD
optoelectronics.13,49,69 For example, spin-casting of oleate-coated PbS QDs followed by
ligand exchange with ethanedithiol (EDT) can be used to build films with p-type character
that can be employed in representative Schottky-barrier and oxide heterojunction
photovoltaic devices.70 A variety of techniques have been applied to learn material
properties (such as carrier type, density, mobility, and lifetime) and interfacial properties
(such as contact resistance and contact potentials) that govern device performance, and
how these properties can be influenced and improved by attention to preparative
techniques. Many of these studies focus on vertical device architectures common to thinfilm photovoltaics.71–74 While clearly advantageous for many applications, vertical
architectures present some limitations for isolating the behavior of individual junctions.
Lateral transport devices, in which current moves in the plane of the thin film, have been
investigated primarily in field-effect transistor studies70,75 that permit measurement of
majority-carrier mobility at high carrier densities that may not be representative of excitedstate carrier dynamics in optoelectronic devices. But, lateral transport devices also provide
the opportunity to separate junction behavior from bulk properties through varying contact
separation in transmission line model (TLM) studies76 and through localized photocurrent
and photovoltage measurements at metal-semiconductor interfaces.44,75,77 For example,
scanning photocurrent microscopy (SPCM) has been used by Law77 to characterize the
effect of gating on minority carrier diffusion length in PbSe QD FETs, and by Strasfeld 44
to resolve ohmic and Schottky contacts to PbS QD films. The former examples use films
deposited over pre-patterned bottom contacts, but this can lead to uneven film thickness
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and one study found that top-contacts exhibited significantly lower contact resistance in
TLM measurement of CdSe QD films.76
Here, we employ laterally patterned top contacts to directly compare the
performance of PbS-EDT films prepared following GPC purification and conventional PR
cycles in photoconductive and rectifying optoelectronic devices, and to permit comparison
to state of the art literature results. The overall experimental approach for QD film
formation using layer-by-layer spin coating and ligand exchange of GPC-purified PbS QDs
is outlined in Figure 2.1.
2.2 COLLOIDAL QUANTUM DOT PURIFICATION
Oleate-capped PbS QDs with a lowest energy electronic transition λ1s ~1250 nm
corresponding to a diameter ~4.4 nm, were synthesized through a previously described, air
free synthetic route in 1-octadecene solvent,78 and subsequent purification, film deposition,
and ligand exchange steps were conducted in an inert atmosphere. Following synthesis and
an initial precipitation under nitrogen atmosphere using anhydrous methyl acetate
(MeOAc, dried over activated 4A molecular seives), the QDs were redissolved in toluene
to form a stock solution designated as 1PR. A portion of QDs from the 1PR stock solution
were brought through two further PR cycles, filtered through a 0.1µm PTFE syringe filter,
and brought to a final concentration of 25mg/mL in anhydrous toluene (3PR). Similarly, a
portion of the 3PR sample was brought through two further PR cycles (5PR). Separately,
from the 1PR stock solution, 250 nmol of PbS QDs were purified using gel permeation
chromatography (GPC).66,79
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Figure 2.1: (a) Synthesis and purification route to make spin coating layer by layer film fabrication and ligand exchange process to
make compact QD film. (b) Absorbance of QDs after synthesis, purified solutions and ligand exchanged films. (c) 1H NMR spectrum
of Stock (1PR) and purified (3PR, 5PR & GPC) QDs solutions

The eluted fractions containing QDs were combined and concentrated by removing
excess solvent under partial vacuum to achieve a final concentration of 25mg/mL, and then
passed through a 0.1 µm filter, to obtain the GPC sample used in subsequent work. For
GPC, the polystyrene gel (Bio-Beads S-X1, Bio-Rad), were prepared following Shen et
al79. In particular, beads were washed three times with an excess of toluene and swollen
under ambient conditions in toluene for 24 hours. These swollen beads were washed again
with fresh toluene and then evacuated to dryness under Schlenk line vacuum before
transferring into the glovebox. The beads were swollen a second time with anhydrous
toluene inside the glovebox for another 24 hours before loading onto the column as
described previously. In a typical run, the 1PR aliquot was concentrated to a 200 µL volume
under partial vacuum prior to injecting onto the column.
2.3 FILM FABRICATION
Conductive PbS QD films were formed on Si/SiO2 substrates (wet oxidized, 200
nm thickness). Chips of ~1 cm2 were cleaned by sequential sonication in acetone,
isopropanol, ethanol, and DI water, and finally dried under N2 flow. Substrates were heated
at 120°C for 10 min to remove adsorbed water before transferring into the glovebox. QD
films were deposited using a layer-by-layer deposition and ligand exchange process. Each
coating cycle consisted of dropping 20 µl PbS solution onto the substrate while spinning
at 3000 rpm followed by treatment with 3 drops of 1.0% (v/v) 1,2-ethanedithiol in
acetonitrile and rinsing with 3 drops of fresh acetonitrile and 3 drops of anhydrous toluene.
Each deposition, ligand exchange and cleaning step is 30 sec apart and done in nitrogen
filled glovebox, using compact spin coater constructed from a hard drive motor and
operated by an Arduino microcontroller. This coating cycle was repeated four times to get
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a ~100 nm thick PbS QD film. Metal top contacts were evaporated through a shadow mask
using an e-beam evaporator. The completed devices were then immediately tested for
optoelectronic properties under normal atmosphere conditions, using tungsten wire probe
arms mounted on a scanning stage.
2.4 RESULTS & DISCUSSION
Initial analysis of samples by ultraviolet-visible-near infrared (UV-vis-NIR)
absorption spectroscopy was used to monitor lowest-energy electronic transition peak
wavelengths, effective diameter according to a published calibration curve, and relative
concentration. For these measurements samples are diluted in n-octane under N2. As shown
in Figure 2.1(b). Full spectrum of these solution and fabricated films are given in Figure
2.2. The different purification methods led to minimal change in the absorption spectrum,
indicating no great change in effective diameter or size distribution. However, UV-vis-NIR
does not probe ligand populations associated with the QDs.

Figure 2.2: (a) Thin film UV-vis-NIR absorbance spectrum of PbS-EDT deposited on
glass substrates (b) Solution phase UV-vis-NIR absorbance spectrum normalized and
offset at λ1s peak by 0.5
A reaction scheme for PbS QD synthesis and assembly of these QD into thin film devices
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NMR is a standard and essential technique for the analysis of organic ligands on
QD surfaces and presence of unwanted impurities. Ligands attached to the surface of QDs
characteristically exhibit broadened NMR spectral lines that can be distinguished on the
basis of width and chemical shift from sharp peaks associated with freely diffusing small
molecules.80 The olefin resonance of oleate ligand species is well resolved from crowded
aliphatic and aromatic protons associated with solvent, and can be used to quantify total
oleate concentration when ferrocene is used as an internal standard. We have shown
previously that GPC purification leads to highly repeatable ligand populations,
characterized by a single resolvable olefin peak in purified oleate-capped PbS QD samples
below a critical size of ~5 nm, which includes those examined here.66 Conversely, studies
of PbS QDs purified with PR have indicated a diminishing ligand population with repeated
PR cycles, attributed to dissociation of physisorbed material and/or dissociation of lead
oleate equivalents from weakly bound coordination sites: these changes can occur with
minimal effect on the electronic absorption spectrum.56,81–83 NMR spectra for 3PR, 5PR,
and GPC samples Figure. 2.1(c) all show complete removal of residual octadecene growth
solvent, unreacted precursors, and reaction byproducts and of narrow peaks associated with
free or weakly associated oleate species. Yet, the bound surface ligand population per QD,
as determined by integrating peaks for bound oleate in spectra of to establish total ligand
concentration and dividing by the QD concentration from a UV-vis-NIR absorbance
measurement, shows differences among the three samples. GPC QDs showed 348 OA/dot
ligand population. The 3PR sample shows a slightly higher number, while 5PR cycles led
to additional ligand loss down to ~249 OA/dot. The lower number for 5PR could indicate
bare sites, which could promote agglomeration. We note that close inspection of the UV-
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vis-NIR absorption spectra of solution-phase samples in Figure. 2.1(b) shows a small
redshift in λ1s peak after successive PR cycles. The ligand population determined for the
GPC sample is in line with our previously determined ligand density versus size
measurements for PbS QDs.66 We also analyzed purified QDs sample using
thermogravimetric analysis (TGA) and found that was no significance difference in mass
loss associated with decomposition of organic matter between the 3PR and GPC samples,
consistent with comparable ligand populations among these two samples Figure 2.3(a).
PbS QD films were formed through an air-free, layer-by-layer process. Spin coating of
oleate-capped QDs was followed by ligand exchange with an EDT solution Figure 2.1(a).
In particular, ~100 nm thick films were formed on Si/SiO2 substrates. The efficacy of the
ligand exchange process was confirmed using Fourier transform infrared (FTIR). The
absence of C-H peaks around 3000cm−1 indicates that oleate ligand has been replaced by
EDT Figure 2.3(b).84,85

Figure 2.3: (a) Thermo gravimetric analysis (TGA) graph of dried samples of PbS QDs
after 3PR and GPC purifications. (b) FTIR spectra of spin-casted films on SiO2 before
and after EDT ligand exchange
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The film thickness and roughness Figure 2.4, were measured by scanning electron
microscopy (SEM) and atomic force microscopy (AFM). The overall morphology, as
qualitatively seen under SEM imaging Figure 2.4, is more uniform for GPC purified QDs,
with diminished incidence of micron-scale texture that was most evident in the 3PR
sample. Localized surface roughness, measured by AFM, was comparable between 3PR
and GPC, but elevated in the 5PR sample, a possible consequence of partial agglomeration.
After the layer-by-layer coating and exchange process, the films were dried by annealing
in a glove box overnight prior to contact formation. UV-vis-NIR spectra of similar films
deposited on glass substrates Figure 2.3(b), revealed an additional red shift of the lowestenergy exciton peak in all three films, but with a greater shift for the PR films, as well as a
sloping background characteristic of Rayleigh scattering.

Figure 2.4: (a,b,c) SEM surface morphology of films made using QDs purified by
precipitation/redispersion (3PR, 5PR cycles) and GPC technique insets are AFM
images of 2µm×2µm area shows surface profiles indicating the surface roughness
(d,e,f) Cross-sectional SEM images of same films made on Si/SiO2-substrates.
A reaction scheme for PbS QD synthesis and assembly of these QD into thin film devices
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A red shift associated with increased delocalization and dielectric solvation in the
presence of neighboring QDs can be anticipated on formation of close packed QD films,
but the greater red shift in the PR purified vs. GPC purified films could possibly be
associated with ripening or aggregation.86
In order to directly characterize and compare the electronic properties of the PbS
QD films, metal top contacts (pure Au for ohmic contacts, and pure Al for Schottky
contacts as discussed below) of 100 nm thickness were deposited through a shadow mask
by electron beam evaporation. This process forms an intimate contact between the QD film
and metals with reduced potential for influence of surface relief, oxides, or organic residues
that bottom contacts are susceptible to, and similar concerns or mechanical damage that
could result from traditional 4-point probe measurements. The evaporated metal films were
contacted by fine W wires in a home-built probe station. All measurements were conducted
under ambient conditions. As-fabricated devices were tested by current-voltage (I-V)
measurement in the dark to obtain the resistivity, and under monochromatic illumination
to obtain the photocurrent action spectra. The responsivity was calibrated with an InGaAs
commercial photodiode with known responsivity.
In first set of measurements, we used a transmission line model (TLM)
measurement approach, in which resistance is measured between pairs of neighboring,
parallel contact stripes with increasing spacing, to measure separately the bulk film
resistivity and the contact resistance87. Figure 2.5(c), shows the results for TLM patterns
with width W=4mm, which is chosen to be at least 10x the maximum contact separation to
minimize the influence of spreading resistance.
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Figure 2.5: (a) Sketch of TLM devices indicating LT (b) IVs for ohmic and schottky
devices under dark (c) TLM experiment data for sheet resistance and contact resistivity
of EDT exchanged films on isolated Si/SiO2 substrate.
The slope in these plots is nominally the resistance per unit length, equal to Rs/W
where Rs is the sheet resistance of the film, and the y-intercept is twice the contact resistance
RC. It is easily seen that the GPC film has the lowest sheet resistance, while all samples
exhibited low contact resistance consistent with the ohmic I-V curves seen for Au contacts,
as shown for a representative case in Figure 2.5(b). As the film thickness is known, the
bulk resistivity for the film can be obtained as:
𝜌 = 𝑅𝑠 𝑑𝑄𝐷 (1)
Here dQD is the film thickness. The product RCW gives a contact resistivity normalized by
the width of the contact. Within the TLM formalism, for a film of uniform thickness, this
contact resistivity can be interpreted arising from a specific contact resistance RC,sp for the
metal/semiconductor interface. The specific contact resistance and film resistivity
determine a characteristic distance over which current is transferred from the film to the
top contact. This transfer length LT can be read from (half) the x-intercept of the TLM plot,
and from it, the specific contact resistance is obtained as:
𝑅C,sp = 𝑅C 𝐿T 𝑊 (2)
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The values of ρ for the QD films and RC,sp for the film/Au interface for 3PR, 5PR and GPC
samples, as established from measurements in triplicate on similarly prepared films, are
listed in Table 2.1. We find that the GPC-purified film, despite a larger initial ligand/QD
ratio than the 5PR sample, had the lowest resistivity (1.5±0.4 kΩ-cm) and lowest contact
resistance. The resistivity is comparable to the lowest values reported for PbS-EDT films
prepared at room temperature Table 2.4. The contact resistance, while small compared to
the total resistance of the film, scales roughly with the resistivity, which has been observed
previously in Au-contacted PbS QDs.75
In previous reports, EDT has been associated with a tendency to form QD films
that have low binding energies for the valence band (band edges shifted to higher energy)
and/or exhibit p-type conductivity, and Au has been routinely used to form ohmic contacts
to EDT-capped PbS QD layers in solar cells88,44,89. The large workfunction of Au (ϕ=5.1
eV) can be expected to lead to ohmic contacts to p-type semiconductors, but this is the first
direct measurement of specific contact resistance for PbS QD films. We have previously
noted ohmic contacts between EDT-capped PbS QD films and epitaxial graphene
electrodes with workfunction ~4.5 eV.67 In contrast, we found that evaporated top contacts
composed of Al, a low workfunction metal (ϕ=4.3 eV), gave non-linear I-V curves Figure
2.5(b), indicative of contact barriers. In the case of the lateral metal-semiconductor-metal
TLM structure, the two contacts are biased in opposite directions. However, rectifying
behavior characteristic of a single p-type Schottky junction is seen when similarly prepared
films are contacted with Al in a vertical transport geometry Figure 2.6c. We investigated
photoconductivity in the PbS QD films to evaluate the effective bandgap, photoconductive
gain (g), and in order to evaluate whether the comparatively lower resistivity of the GPC-
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purified film arises from increased carrier concentration and/or increased carrier mobility.
Figure 4b shows representative photocurrent (Iph vs. V) characteristic for the three films
with Au-top contacts under wide-area illumination at 444 nm. Under 2.79 µW total power,
the conductivity increases in all 3 films and the photocurrent is approximately linear with
power in this regime Figure 2.6. The increase in conductivity is largest for the GPCpurified film.

Figure 2.6: (a) Photocurrent action spectrum of films with ohmic contacts (b) Dark and
illuminated current of 75µm×200µm Au-top ohmic photoresistor devices at 2.79 µW
444nm laser illumination (c) Representative I–V curve of a single Schottky junction
device prepared by evaporating Al on a GPC-purified PbS-EDT film, formed on a tindoped indium oxide (ITO)-coated glass substrate serving as an ohmic contact (inset)
(d) Intensity dependent photocurrent response of Al-top contacted devices
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The linear increase of photocurrent with applied voltage in each case is a strong
indicator of photoconductive gain. In a photoconductive sensor, the gain g (internal
quantum efficiency) is determined by how many additional carriers can transit the device
within the recombination lifetime.
From the directly-measured responsivity R of such a device under monochromatic
illumination, the external quantum efficiency (EQE) and photoconductive gain g can be
obtained as
EQE =

𝑔=

𝑅 ℎ𝑐
= 𝑅 𝐸ph (4)
𝑞 𝜆
EQE
(5)
1 − 10−𝐴

where Eph is the photon energy in eV and A is the absorbance of the film at the excitation
wavelength, neglecting scattering and reflection. For this purpose, the film absorbance at
444 nm was directly measured using a confocal microscope and a calibrated photodiode
detector in order to minimize any losses of transmitted light to small-angle scattering. The
responsivity, EQE, and gain at a bias of 1 V for each of the devices studied in Figure 4 are
shown in the inset table.
In general, the photoconductive gain can contain contributions from both
electrons and holes40:
𝑉

𝑉

𝑔 = 𝐿2 (𝜇𝑛 + 𝜇𝑝 )𝜏rec = 𝐿2 𝜇𝜏rec

(3)

where μn and μp are the electron and hole mobility respectively, V is the applied voltage,
and L is the length of the device in the direction of transport. On its own, the gain g of a
device with known geometry provides an effective mobility-lifetime product μτrec for the
semiconductor material, where μ is the effective mobility (representing a sum of electron
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and hole mobilities). In practice, one carrier may become rapidly localized in low-mobility
traps, in which case μτrec is determined by the more mobile carrier, which continuing to
cycle additional charge through the device until the ground state is recovered through
recombination.
We found μτrec as high as 2.1×10−5 cm2/V for the GPC purified film. We note that
this value exceeds mobility-lifetime products reported for holes71,72,90 and electrons91 in
previous studies of PbS-EDT films , an indication of good quality, but additional
information from time-resolved measurements below is needed to determine which carrier
dominates the photoconductivity and principally determines the observed μτrec.
The photoresponse action spectrum (responsivity versus wavelength) of the GPC
purified films is shown in Figure 2.4b. The general shape is identical to the absorbance
spectrum in Figure 2.2, with the GPC responsivity comparable to the PR films near the
band edge. The primary peak is slightly blue shifted for all the films with respect to the
absorbance peak, a possible indication of enhanced exciton dissociation when smaller QDs
are initially excited. Nonetheless, the action spectrum confirms the photoconductivity is
associated with the quantum confined effective bandgap, and illustrates those differences
in responsivity for visible (444 nm) light are associated with a diminished response in the
PR films at high photon energy, which could be associated with different rates for trapping
and recombination upon thermalization of high-energy excited states.
Previously, researchers have measured 𝜇 using back-gated I-V measurements on
field effect transistor (FET) structures fabricated from QD films on SiO2 dielectrics with
conductive Si substrate serving as back gates, from which a field effect mobility is
extracted by assuming the FET is biased in the triode region of the FET output
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characteristics, with reported 𝜇 ~10−3 cm2/Vs for holes in PbS-EDT films. 41,74 However,
the field-effect mobility may not accurately describe the behavior of charge-collecting
devices due to limitations associated with carrier density, estimation of gate capacitance
particularly in films that may experience compensation due to mobile ions or high trap
density, and dependence of contact resistance on gate voltage near pinch-off.
To further analyze the optoelectronic properties of the PbS QD films and evaluate
the barriers formed at low-workfunction metal contacts, we used scanning photocurrent
microscopy (SPCM) to directly image charge collection and identify characteristic
lengths.44,67,75,92 This technique uses a focused, diffraction limited light beam to locally
create electron-hole pairs. The excitation spot is rastered over an electronic device to build
a map of the resulting photocurrent as a function of illumination position. SPCM was
performed using 444 nm laser in a homebuilt setup described previously;67,93 the laser
modulation frequency was 71 Hz and the photocurrent amplitude, along with the reflected
light amplitude for spatial registry, were measured with lock-in detection. SPCM
measurements were performed on devices formed between top contacts of smaller width
than the TLM structures in order to increase the photocurrent relative to dark current under
localized excitation.
The Figure 2.7 illustrates representative SPCM results for Au-contacted and Alcontacted devices, with otherwise identical design characteristics, prepared using the GPC
purified QDs. The bias V is held close to zero (short circuit) in each case. With Au contacts,
the photocurrent signal has constant sign and reaches a maximum value between the
contacts. This is consistent with photoconductive behavior in the presence of a small
residual bias, in which diffusion of the lower-mobility carrier into the contacts diminishes
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the excitation lifetime compared to excitation at the center. Conversely, with Al contacts,
the photocurrent displays an opposite sign (equivalently, a 180-degree phase shift) at the
opposing contacts. The sign of the photocurrent near each contact indicates that localized
excitation causes current flow from the Al contact into the PbS film, consistent with the
photocurrent expected for a p-type Schottky barrier, reinforcing assignment of the p-type
character for the PbS-EDT films studied here, consistent with previous reports. The
magnitude of the photocurrent decreases slowly with distance away from each contact,
falling to near zero in the center.

Figure 2.7: (a,b) SPCM of an ohmic (Au-electrodes) device and Schottky (Alelectrodes) devices (c,d) energy band diagram for ohmic and schottky contacts
respective (e) Line scan photocurrent profile for 3PR, 5PR and GPC Schottky devices
(f) Line scan photocurrent profile for 3PR, 5PR and GPC Schottky devices to extract
diffusion length with reflected signals from same scans (g) Single exponential decay
fitting of SPCM photocurrent profiles (logarithmic scale).
The decay of photocurrent with distance is clearly much broader than the decay of
the reflected signal: the reflected signal Figure 2.7 indicates the point spread function of
the excitation laser beam that is convolved with the intrinsic response of the device.
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For a p-type Schottky contact, the distance over which charge can be collected is
the depletion width plus the minority carrier diffusion length LD. If LD is long enough,
electrons reach the metal electrode, and a photocurrent signal is observed. The photocurrent
profiles shown in Figure 2.7e can thus be used to obtain LD in the GPC, 3PR, and 5PR
PbS-EDT films. The profiles in each case were well described by an exponential decay,
indicating an electron diffusion length LD≈15 μm Figure 2.7f. Previous SPCM
investigations noted LD larger than the film thickness, for example up to ~1.7 μm for a film
of 50 nm thickness. The thicker film and top contact geometry employed here may
influence the considerably larger LD observed here. We performed transient photocurrent
measurements in order to characterize the speed of the photoconductive and Schottky
devices as sensors, and also to enable estimation of the variation in carrier mobilities. The
DC photoconductivity (with ohmic contacts) and SPCM results (with Schottky contacts)
offer characteristic lengths for motion of the dominant carrier under drift (as μτrec×V/L),
and for motion of minority carriers under diffusion (LD) respectively. By combining these
with lifetimes, mobility values can be obtained. For the Schottky case:

𝐿𝐷 = √𝐷𝜏𝑛 = √

𝜇𝑛 =

𝑘B 𝑇
𝜇 𝜏 (6)
𝑞 𝑛 𝑛

𝑞 𝐿2𝐷
(7)
𝑘B 𝑇 𝜏𝑛

with τn the electron lifetime in the conduction band. Figure 6 shows the transient decays
for ohmic-contacted (a) and Schottky contacted (b) films. All decays were collected by
using a digital oscilloscope to monitor the falling edge of the current signal when the device
is excited with a 5 Hz square-wave modulated, wide area laser beam. The data were
collected at a constant bias of 3V to ensure a high-enough signal to noise ratio.
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Figure 2.8: Transient photocurrent decays for (a) Au-contacted (ohmic) and (b) Alcontacted (Schottky) PbS QD films.
The ohmic-contacted films all showed photocurrent decays over tens of
milliseconds with multiexponential line shapes. As shown in Table 2.1, the average
lifetime for the GPC-purified films (16 ms) was shorter than for 3PR or 5PR,
(multiexponential analysis is detailed in Table S1).
For the Schottky contacted devices, the transient photocurrent decay represents the
characteristic time required for photoexcited minority carriers (electrons) to recombine or
be swept out of the device. As such, the measured lifetime is a lower limit on τn and the
recombination time τrec. All devices showed a fast, sub-millisecond decay that was
accompanied, in the PR cases, by a longer decay component with a lifetime >20 ms. By
separately fitting the slow (>4 ms) and fast (<4 ms) components of the response, it is clear
that the slow component is absent in the GPC films. We used tail fitting for transient
photocurrent decays to separate out fast and slow components, and used a single-parameter
fit of the fast component lifetime to evaluate differences in minority carrier mobility based
on Equation 7, since the slow component is effectively filtered out in SPCM. The fast
component, which dominates the response at the 71 Hz frequency used for SPCM imaging,
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was significantly faster in the GPC film compared to the PR examples as indicated in Table
1. The shorter lifetime in the GPC purified films, together with a comparable diffusion
length, is consistent with an electron mobility μn that is also higher in the GPC purified
films than for PR.
Returning to the behavior of the ohmically-contacted devices, we note that the
photocurrent decay in these devices is much slower than the decay time for electrons in the
Schottky-contacted devices, suggesting that electrons are significantly trapped on a submillisecond timescale, and the photoconductive gain seen with Au contacts is dominated
by holes. For a p-type film, the low Fermi level position will tend to expose electron traps.
If holes dominate the photoconductivity, the observed μτrec can be used to assign the hole
mobility μp, which when combined with the observed dark conductivity, provides an
estimate of the hole concentration as p = (qμpρ )−1, giving p~1018 cm−3 for the three films
examined here. The 5PR and GPC films had comparable hole concentrations, with the
improved performance of the GPC film arising from significantly greater mobility. The
3PR film showed the lowest mobility; its conductivity, being comparable to the 5PR case,
is driven by an elevated hole concentration that could possibly arise from greater surface
area exposed to air via micron-scale texture seen in SEM. Overall, the hole densities are
comparable to 1-2×1018 cm−3 reported from field-effect measurements on larger (8.8nm)
PbS QD films88 prepared by layer-by-layer ligand exchange with short-chain carboxylates
Table 2.5.
The mobility values obtained in the ohmic and Schottky contacted cases are not
directly comparable head-to-head, as they are obtained under different measurement
conditions, but they can be used to compare samples prepared and measured similarly, as
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in the case here among 3PR, 5PR and GPC purified films. The photoconductive gain is
measured under wide area illumination in ohmic devices, while the diffusion length LD is
measured under focused illumination in rectifying devices, with locally higher power
density. Nonetheless, the higher electron mobilities calculated from the Schottky device
results may indicate a significant contribution of electrons to the effective mobility
observed in ohmically contacted devices.
2.5 CONCLUSIONS
In this study we have utilized variable contact spacing, time-resolved photocurrent,
and SPCM to analyze charge transport in films of uniform thickness prepared from purified
PbS QDs with known ligand populations. GPC purification let to lower resistivity, lower
contact resistance, higher photoconductive gain, and shorter lifetimes than PR purification.
An effective mobility-lifetime product an order of magnitude greater than previously
studied PbS QD films is obtained using the GPC-purified QD sample.90 Meanwhile, an
electron diffusion length >10 μm was observed via the SPCM profile near a rectifying ptype Schottky barrier. Transient photocurrent measurements on the Schottky contacted
devices revealed a much shorter lifetime in the GPC-purified case, indicating a higher
electron mobility. These results emphasizing a role for detailed control of QD surfaces in
improving the response time of QD-based IR photodetectors. While the emphasis of the
present study has been on comparing film’s electronic properties, identifying the chemical
and physical origins of the differences observed will help to improve the performance and
durability of SSLE QD solids. Microscale roughness and spectroscopic redshift point to
aggregation as a limitation when PR is carried to excess, while larger-scale cracks may
introduce additional scattering and elevated carrier densities on air exposure. Among the
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purified QD samples, in no case were significant impurity concentrations detected by NMR
to impact film properties. The ligand density of the GPC sample fell between those of the
PR films examined here, but the presence of long-lived photocurrent decay in Schottky
contacts to both PR films, absent in the GPC case, suggests that performance is not simply
a matter of optimizing residual ligand density, and that differences in solvent exposure or
interparticle contact during purification are possible drivers of variation in electronic
properties following SSLE in PbS QD films.
2.6 MATERIALS AND METHODS
The following reagents for synthesis and subsequent purification were used as
received. Lead (II) oxide (PbO, 99.9%), anhydrous acetonitrile (ACN, 99.8%), anhydrous
toluene (99.8%), and 1,2-ethanedithiol (EDT, 98%) were purchased from Alfa Aesar.
Bis(trimethylsilyl) sulfide ((TMS)2S, 95%) and 1-octadecene (ODE, 90%) were purchased
from Acros Organics. For purification, methyl acetate (MeOAc, 99 %) purchased from
Millipore Sigma was purged with nitrogen for 60 min, and then dried over activated
molecular sieves in a nitrogen glovebox. Molecular sieves (4A) were purchased from
Mallinckrodt and activated by heating at 200°C under Schlenk line vacuum prior to transfer
into the glovebox. Polystyrene Bio-Beads (S-X1, 200-400 mesh), purchased from Bio-Rad,
were prepared following Shen et al. (ref. 38 of main text). In particular, beads were washed
three times with an excess of toluene and swollen under ambient conditions in toluene for
24 hours. These swollen beads were washed again with fresh toluene and then evacuated
to dryness under Schlenk line vacuum before transferring into the glovebox. The beads
were swollen a second time with anhydrous toluene inside the glovebox for another 24
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hours before loading onto the column (1 cm inner diameter) as described previously, to
form a 20cm long stationary phase.
PbS colloidal quantum dots were synthesized following Zhang et al. (ref. 37, main
text). The as-synthesized oleate capped PbS QDs have λ1s peak centered at 1250nm,
indicating 4.4 nm diameter. After synthesis, the quantum dots were then precipitated and
redispersed (PR) under nitrogen atmosphere using anhydrous methyl acetate and toluene,
respectively, to form a stock solution designated as 1PR. A portion of QDs from the 1PR
stock solution were brought through two further PR cycles, filtered through a 0.1µm PTFE
syringe filter, and brought to a final concentration of 25mg/mL in anhydrous toluene (3PR).
Similarly, a portion of the 3PR sample was brought through two further PR cycles (5PR).
Separately, from the 25mg/mL 1PR stock solution, 250 nmol of PbS QDs were purified
using gel permeation chromatography (GPC). The eluted fractions containing QDs were
combined and concentrated by removing excess solvent under partial vacuum to achieve a
final concentration of 25mg/mL, and then passed through a 0.1 µm filter, to obtain the GPC
sample used in subsequent work.
Conductive PbS QD films were formed on Si/SiO2 substrates (wet oxidized, 200
nm thickness). Chips of ~1 cm2 were cleaned by sequential sonication in acetone,
isopropanol, ethanol, and DI water, and finally dried under N2 flow. Substrates were heated
at 120°C for 10 min to remove adsorbed water before transferring into the glovebox. QD
films were deposited using a layer-by-layer deposition and ligand exchange process. Each
coating cycle consisted of dropping 20µl PbS solution onto the substrate while spinning at
3000 rpm followed by treatment with 3 drops of 1.0% (v/v) 1,2-ethanedithiol in acetonitrile
and rinsing with 3 drops of fresh acetonitrile and 3 drops of anhydrous toluene. Each
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deposition, ligand exchange and cleaning step is 30 sec apart and done in nitrogen filled
glovebox, using compact spin coater constructed from a hard drive motor and operated by
an Arduino microcontroller. This coating cycle was repeated four times to get a ~100 nm
thick PbS QD film. Metal top contacts were evaporated through a shadow mask using an
e-beam evaporator. The completed devices were then immediately tested for optoelectronic
properties under normal atmosphere conditions, using tungsten wire probe arms mounted
on a scanning stage.
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Table 2.1: Obtained electronic values for film properties
Film

Ligand/QD

3PR
5PR
GPC

411
249
348

Resistivity

𝑹C,sp

(kΩ-cm)

(kΩ-cm2)

3.4 ±0.4
4.8 ±0.0
1.5 ±0.4

Photocurrent
lifetime, ohmic
(ms)

18.0 ±1.6
16.8 ±1.7
5.9 ±4.6

μ ohmic

LD

(cm2V−1s−1)

(µm)

1.4 ×10−4
3.5 ×10−4
1.3 ×10−3

27
24
16

15.1
15.3
15.8

Photocurrent
lifetime,
rectifying
(ms)
0.296
0.252
0.119

μn, rectifyinga
(cm2V−1s−1)
2.9×10-1
3.6×10-1
8.1×10-1

Table 2.2. Photocurrent decay fit parameters (Au contacts).a
Film

τavgb
ms

Ohmic

3PR

27

4.68 (±0.40)

0.37

40.7 (±3.2)

0.63

1.4×10-4

5PR

24

4.20 (±0.33)

0.40

37.2 ± (2.3)

0.60

3.5×10-4

GPC

16

2.27 (±0.11)

0.43

25.2 ± (0.6)

0.57

1.3×10-3
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Contact Type

τ1
ms

a
c

τ2
ms

A1c

Biexponential least-squares fit: I(t)=A1exp(−t/τ1)+A2exp(−t/τ2)+const.
Amplitudes shown are normalized to sum to 1.

b

A2c

Mobility
cm2 V−1 s−1

Amplitude average lifetime: τavg=(A1τ1+A2τ2)/(A1+A2).

Table 2.3. Photocurrent decay fit parameters (Al contacts).a

a

Contact Type

Film

τfastb
ms

Schottky

3PR

0.296 ± (0.052)

0.71

24.8 (±0.7)

0.29

2.9×10-1

5PR

0.252 ± (0.029)

0.67

26.8 (±0.7)

0.32

3.6×10-1

GPC

0.119 ± (0.001)

0.98

118 (±294)

0.02

8.1×10-1

Afastc,d

b

τtailc
ms

Atailc,d

Mobility
cm2 V−1 s−1

Biexponential tail fit: I(t)=Afastexp(−t/τfast)+Atailexp(−t/τtail)+const. Least-squares solution of τfast with other parameters fixed based on
behavior at long times (>4 ms). cValues determined by monoexponential fit of normalized photocurrent at times > 4 ms. dAmplitudes
shown are normalized to sum to 1.

Table 2.4. Representative reported PbS QD film properties
Material

Resistivity
kΩ-cm

Rc,sp
kΩcm2

Hole conc.
cm−3

LD (electron)
µm

μ (cm2V−1s−1)
Hole

18

Group

Electron

15.8 SPCM

1.3×10

-3

8.1×10-1

4.4nm PbS-EDT GPC

1.5

5.9

3.2×10

4.4nm PbS-EDT 5PR

4.8

16.8

3.3×1018

15.2 SPCM

3.5×10-4

3.6×10-1

4.4nm PbS-EDT 3PR

3.4

18.0

1.3×1019

15.1 SPCM

1.4×10-4

2.9×10-1

5nm PbS-EDT

1700

3.0×1016

6nm PbS-butylamine

44

8.8nm PbS-formic
acid
4.4nm PbSbutylamine

1.3

2.0×1018
1.8 SPCM

6.3nm PbSe-Na2S

1.7 SPCM
3.6×1015

3.6nm PbS-EDT
5nm PbS-EDT
3nm PbS-EDT
3nm PbS-EDT,
annealed
4.5nm PbS-EDT

1.0×10−4
FET
2×10−4
CELIV
2.4×10−3
FET

2.0×1016

18.0
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CHAPTER 3
A p-TYPE PbS QUANTUM DOT INK WITH IMPROVED STABILITY FOR
SOLUTION PROCESSABLE OPTOELECTRONICS*
3.1 INTRODUCTION
Colloidal quantum dots are promising absorber materials for applications in
optoelectronics and photovoltaic devices due to their tunable absorbance stemming from a
size-dependent optical band gap that can be fine-tuned for solar energy capture. More
importantly, these materials are compatible with low-temperature thin film solar
concentrators, flexible and printable solar cells, and photodetectors manufacturable at
industrial scales and at a low cost as compared to their crystalline-based counter
parts50,94,95. To get the most power out of a solar cell device, tandem solar cells based on
quantum dots is another approach that raises the possibility of increasing power conversion
efficiency beyond the single junction limit96.
In recent years, the efficiency of QD-based photovoltaic devices has improved
significantly, with improvements in new device architectures, such as the quantum
heterojunction devices, and the realization of improved ligand exchange and fabrication

*

Reprinted with permission from Ahmed, F., Dunlap, J. H., Pellechia, P. J., & Greytak,
A. B. (2021). A p-type PbS quantum dot ink with improved stability for solution
processable optoelectronics. Chemical Communications, 57(65), 8091-8094 DOI:
10.1039/D1CC03014K
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processes, including the introduction of n-type and p-type QD inks.97,98 Record-setting QDs
photovoltaic devices reported so far are fabricated using solid-state ligand exchange to
replace long greasy aliphatic ligands used in the synthetic step.99 The solid-state film
fabrication and ligand exchange (SSLE) technique is highly inefficient with dual
drawbacks: it leads to waste of material as only about 1% of synthesized quantum dots end
up being incorporated into the actual device, and is incompatible for large area
application.7,33 Additionally, the volume change associated with SSLE yields rough and
cracked films following exchange treatments, and requires successive layers to fill the
cracks and obtain smooth and continuous films. For these reasons, much attention has been
given to solution-based ligand exchanged processes to formulate quantum dot inks that can
be directly incorporated into devices through more conservative spray or roll-to-roll
printing techniques for large area deposition for mass scale photovoltaic applications.
There are many reports in literature for solution-based halide ligand exchanged
quantum dot inks forming n-type colloidal suspensions, but only a handful of publications
focus on p-type quantum dot inks.54,99–101 In SSLE work with PbS QDs, ethanedithiol
(EDT) has been a benchmark ligand treatment for the formation of p-type films. Besides
EDT, 3-mercaptopropionic acid (MPA) is the most explored and suitable organic ligand
for PbS QDs to yield high-efficiency quantum dot solar cells through SSLE, as it can
achieve a similar interparticle distance to EDT and maintains the thiol functional group.102–
104

MPA has also been a focus for development of PbS QD inks based on the hope that the

carboxylic acid group can confer solubility in polar liquids through hydrogen bonding
interactions and/or charge stabilization, but it has been challenging to find optimum solvent
conditions for stabilizing such inks. For example, MPA-capped quantum dots have been
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dispersed in DMF or DMSO, but these solvents also interact with the PbS surface and
MPA tends to form crystals in these solvents undermining their stability and subsequent
device performance.96,105 Recently, butylamine has been investigated as a solvent
component for p-type inks, including butylamine-stabilized water-soluble MPA-capped
QDs,98 and hybrid inorganic/organic passivated PbS QDs in which the surface is initially
treated with halides prior to thiolate ligand exchange.99,106 Notably, this approach,
combined with a SSLE-deposited PbS-EDT and hole transport layer, led to record
performance for colloidal QD solar cells. Yet, butylamine can also etch QD surfaces,
causing precipitation and loss of quantum confinement within hours107, presenting
concerns for manufacturing QD devices on a large scale and in a reproducible manner.108
It is important to explore ligand and solvent chemistry for QD inks that can improve
processability and device performance, also, to establish the nature and extent of ligand
exchange that is occurring when such inks are prepared.
3.2 LIGAND EXCHANGE PROCESS
Here, we report highly stable MPA-capped PbS QDs dispersed in benzylamine
(BnzAm) through a rapid biphasic exchange technique using methanol (MeOH) as the
ligand exchange solvent. We postulated that small, polar mercaptans can be paired with a
suitably matched weakly-coordinating organic solvent. BnzAm is a less polar organic
solvent that is also compatible with the rest of the device architecture. In addition, MeOH
has the dual advantages of weaker interaction with the QD surface compared to DMF and
a boiling point low enough compared to BnzAm that it can be effectively removed from
the QD-MPA/BnzAm mixture under partial vacuum.
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Figure 3.1: (Top) biphasic ligand exchange process. (a) UV-Vis absorption spectra of
pre- and post-ligand exchanged PbS QDs and PbS-MPA film on glass, normalized at
600 nm. Llight scattering and dispersion contribute to the baseline absorption of the
film. (b) FTIR absorption and attenuated total reflection spectra of films (c)
thermogravimetric weight lose traces of PbS-OA and PbS-MPA QDs solids (e) STEM
images of oleic acid and MPA capped PbS QDs
We have performed comprehensive quantitative and qualitative analysis on the
MPA-capped PbS quantum dot ink, and on photoconductive and photovoltaic test devices
made using it. These devices are formed at ambient temperature using spin-coating
technique. The ink-based approach is highly suitable for making p-n junction and
standalone heterojunction solar cell devices using a variety of methods including simple
doctor blading, and should be extensible to spray or roll to roll printing processes.
Ligand exchange and film deposition steps were conducted in a N2-filled glovebox.
A solution of MPA in MeOH was stirred with an oleate-capped PbS QD stock solution
(880 nm peak absorbance, ~2.8 nm diameter, Figure 3.1). After washing with n-octane to
remove exchanged oleates from the system, the MPA-capped PbS QDs were precipitated
from MeOH and BnzAm was added, forming a well-dispersed solution. In a control
experiment, addition of butylamine failed to produce a stable colloidal solution, in
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agreement with previous observations99 Figure. 3.2. Ultraviolet-visible-NIR absorbance
spectra of the oleate-capped QDs in octane and of the ligand-exchanged PbS-MPA QD
solution are shown in Figure 3.1a. Both spectra show a distinct lowest-energy electronic
excitation (exciton) peak indictive of quantum confinement and narrow size distribution.

Figure 3.2: (a) Well-dispersed solution of PbS-MPA QDs in Benzylamine (b) PbS-MPA
in butylamine failed to produce a stable and well-dispersed colloidal solution. (d) PbSMPA in BnzAm remains well dispersed with negligible light scattering after 14 months.
photo shows ink diluted in additional dry BnzAm after storage at room temperature
under ambient light, in an inert atmosphere. (e) QD aggregation due to air exposure
leads to a hazy appearance within a few hours.

3.3 RESULTS AND DISCUSSION
The presence of a well-defined absorbance peak indicates retention of narrow,
quantum-confined size distribution, but a redshift is observed that we attribute primarily to
the extension of electron-hole pair’s wavefunctions into the capping ligands.109 The
absorption spectrum of the QDs in the BnzAm scales linearly with concentration, and the
QDs remained stable for weeks or more with no prominent change in spectrum and no
significant light scattering, as illustrated in Figure 3.2(a,b). The exciton peak position is
similar in films deposited from the ink.
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Infrared spectroscopy performed in attenuated total internal reflectance (ATR) and
transmission modes showed that the C-H stretching peaks of oleate ligand around
3000cm−1 are absent in films deposited from the MPA-capped ink, indicating a complete
ligand exchange Figure 3.1b.

Figure 3.3: (a) UV-Vis Absorbance of QDs as-synthesized (diluted in n-octane)
and post ligand exchange (diluted in BnzAm) over the period of 51 days
(normalized at lowest-energy peak minus background; PbS-MPA spectra are
vertically offset for clarity). (b) UV-Vis Absorbance of MPA capped QDs for series
of dilutions in benzylamine solvent.

Ligand exchange was further investigated by thermogravimetric (TGA) analysis
under inert (N2) atmosphere. Figure 3.1c presents the TGA from PbS-OA and PbS-MPA.
The loss of ~30% of initial mass around 360°C is characteristic of OA-molecules attached
to QD surface through carbonyl attachment27. In contrast, MPA gradually leaves the dried
ink sample giving continuous mass loss until 250°C. This long TGA slope is attributed to
the presence of strongly- and weakly-bound MPA in the sample, as it is also evident from
NMR experiments.
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Figure 3.4: (a) 1H NMR spectrum of PbS-MPA in benzylamine. Inset: magnified scale
revealing MPA methylene resonances. (b) Corresponding DOSY plot indicating slow
effective diffusion constant for MPA interacting with the QD surface.
Scanning transmission electron microscopy (STEM) images displayed in Figure
3.1(d,e) revealed a significant decrease in the distance between neighboring MPA-capped
particles deposited from the BnzAm ink compared to those with oleate capping, consistent
with a ligand shell of smaller thickness, while the QDs retain a similar size distribution.
The ligand exchange process was further characterized by 1D 1H NMR, and by
diffusion ordered 1H NMR spectroscopy (DOSY). Since a deuterated form of the
benzylamine solvent was not easily available for this study, we performed NMR analysis
in the natural abundance (proteo) solvent. In the 1D spectra in Figure 3.4a, no bound or
free OA could be detected in the final ink solution and expanded QD-MPA spectra and
reference oleic acid spectra are given in, Figure.3.8 & 3.7. The alkyl proton peaks of MPA
in the QD-MPA sample are significantly broadened and shifted from those observed when
MPA is added to clean BnzAm solvent in the absence of QDs Figure.3.7.
These shifts help in establishing the binding mode of MPA ligand. The broad
signals at 2.42 and 3.17 ppm suggest that the MPA constitutes a single population that is
strongly interacting with the QD surface on the NMR timescale. To further evaluate the
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extent of binding, we used a DOSY experiment with gradient pulse δ = 4 ms and diffusion
period Δ = 25 ms. The MPA peaks in the QD sample indicate significantly slower diffusion
compared to the benzylamine solvent, and compared to the value for the MPA in
benzylamine on its own, while the solvent peaks are unchanged Figure.3.9-3.11. The
hydrodynamic radius of methanol was estimated to be 0.215 nm using the Stokes equation
based on a standard DOSY experiment in D2O. Effective hydrodynamic radii of other
species were calculated based on the following equation:
𝑅𝑟𝑒𝑓
𝐷𝑠
=
𝐷𝑟𝑒𝑓
𝑅𝑠

Eq.3.1

Where: DS, Dref are measured diffusion coefficients and Rref and Rs are hydrodynamic
radius of sample and reference respectively. We used the effective diffusion constant of
MPA in methanol to calculate hydrodynamic size of free MPA molecules Rs=0.34 nm.
from Figure 3.9, and was likewise used to assign the effective Rs for MPA in the PbSMPA ink by comparison of diffusion coefficient (D) for the MPA methylene resonances
for free MPA and PbS-MPA in benzylamine solvent as listed in Table 3.1.
Table 3.1. Diffusion constants of different samples measured by DOSY
System

DBnzAm
10−10 m2/s

DMPA
10−10 m2/s

Rs,MPA
nm

MPA in BnzAm
solvent

5.5

2.25

0.34

PbS-MPA in BnzAm
solvent

5.4

1.25

0.61

The ratio of MPA diffusion constants, through the Stokes-Einstein relationship,
gives an effective hydrodynamic diameter of 1.2 nm for MPA in the PbS-MPA ink. This
is less than expected for the QD diameter (2.8 nm, from sizing curve), indicating that the
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MPA ligand is in dynamic equilibrium between bound and free forms under the conditions
studied.
In order to evaluate the film deposition conditions and basic electronic properties
of PbS QD solids cast from the PbS-MPA ink, we formed two-terminal lateral transport
devices on Si/SiO2 substrates with pre-patterned Ti/Au (15 nm/25 nm thickness) bottom
contacts defined by photolithography and formed by electron beam evaporation. A lowspeed spin coating method was used to fabricate thin films for devices to characterize the
material for electronic properties (see materials and method section for details). The PbSMPA film morphology was analyzed using scanning electron microscopy (SEM) Figure
3.5b and atomic force microscopy (AFM) Figure 3.5a. The surface roughness and film
thickness were measured through AFM. The films showed a very smooth surface with
uniform film Figure 3.5c with a rms surface roughness of 0.5 nm that is superior to SSLE
films reported so far.110,111 Such a smooth film morphology reduces the possibility of
current leakage in stacked vertical devices.112 The intrinsic dark resistivity of the deposited
PbS-MPA film was evaluated via the transfer length method (TLM), in which the
resistance is measured between pairs of parallel electrodes with increasing distance
between them. The method yields the sheet resistance from the slope of this line and, when
multiplied by the measured film thickness, the bulk resistivity. For the device examined in
Figure 3.5e, with a film thickness of 170 nm, we calculated a bulk resistivity of 1.45±0.03
kΩ-cm. This is significantly lower than previous reported values for state-of-the-art EDTcapped SSLE films reported in literature.43,113 Two terminal lateral devices with smaller
active area as shown in Figure 3.5d were used for lateral photoconductivity measurements.
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Figure 3.5: atomic force microscopy (AFM) (b) Scanning electron microscopy (SEM)
images of surface morphologies of PbS-MPA film (c,d) optical image of film on glass
and Si/SiO2 substrate ( (e) TLM measurement graph (f) dark and photocurrent under
560nm and 444nm laser light.
The devices showed a linear current-voltage (I-V) relationship consistent with
ohmic contact to the Au-electrodes as expected based on the TLM results. A significant
increase in conductivity was observed when the devices were illuminated with visible or
NIR light. Laser illumination at 444nm and 650nm were used to determine responsivities
of 3.9mA/W and 3.7mA/W respectively, for a 200 μm×75 μm active area device at 10 V
applied bias Figure 3.5f
We formed heterojunction photovoltaic devices with a TiO2 n-type component
Figure 3.5. The devices were kept in a N2-filled glove box overnight at ambient
temperature for aging to remove any residual solvent trapped in QDs film before
evaporating metal top contacts through a shadow mask. We used pure Au top contacts to
define devices with active areas of 2mm2 and 8mm2. A total of 12 similar devices were
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measured on four different substrates made at same time with similar deposition conditions.
These devices were tested for power generation under AM 1.5G 100mW/cm2 using a home
built solar simulator which was calibrated using a standardized Newport photodetector for
light intensity Current density-voltage (J-V). characteristics were recorded using Keithley
2636A source meter. The standout device had an efficiency of 5.53% with a fill factor of
50%.

Figure 3.6: (a) Heterojunction solar cell device architecture (b) cross-sectional SEM
image of solar cell device (c) performance of the QD solar cell measured under AM
1.5G. The purple curve indicates the power on an arbitrary scale.

We emphasize that this result was achieved without any SSLE QD deposition steps,
whereas some previous work on QD inks has employed a SSLE-deposited PbS/EDT layer
as a hole transport layer. We achieved an even larger open circuit voltage of 720 mV with
an additional poly-TPD electron blocking/hole transport layer between the PbS QDs and
the Au contact, but this caused the device efficiency to fall below 2%. While the efficiency
stands the be improved with further optimization of device design, this open circuit voltage
was on par to some of the highest reported VOC for similar size quantum dots.
3.3 CONCLUSION
In summary we have synthesized a p-type PbS quantum dot ink using BnzAm as
an organic ink solvent which is stable for several weeks under inert atmosphere.
Benzylamine showed significantly greater solubility and stability of MPA-capped PbS

55

QDs than did butylamine under identical conditions. We have demonstrated the
applicability of this material in the fabrication of a heterojunction quantum dot solar cell
with an efficiency over 5% under AM 1.5G radiation. Semiconductor inks are compatible
with spin coating, spray coating and drop casting methods to make thick films for
optoelectronic devices, especially solar cells. We note that the use of a low-boiling
exchange solvent and higher-boiling ink carrier enables greater flexibility in formulation
of the QD ink. For example, we have noticed that complete drying of the MPA-capped PbS
QDs under vacuum, as might be required to remove a higher-boiling exchange solvent, can
lead to difficulty in subsequent re-dispersion of the QDs. With MeOH as the exchange
solvent, only gentle drying following exchange is necessary, and residual MeOH can be
removed from the BnzAm solution under partial vacuum if desired. The character of the
organic benzylamine solvent employed here raises the possibility of forming p-n junction
type solar cells and detectors by incorporating solution-based n-type inks as well, and using
printing or spray coating techniques to apply such materials to heat-sensitive flexible
substrates.
3.4 MATERIALS AND METHODS
The following reagents for synthesis and subsequent ligand exchange were used as
received. Lead (II) oxide (PbO, 99.9%), anhydrous toluene (99.8%), and 1,2-ethanedithhiol
(EDT, 98%) were purchased from Alfa Aesar. Bis(trimethylsilyl) sulfide ((TMS)2S, 95%)
and 1-octadecene (ODE, 90%) were purchased from Acros Organics. For PR
(Precipitation/re-dispersion) purification, methyl acetate (MeOAc, 99 %) purchased from
Millipore Sigma was purged with nitrogen for 60 minutes and dried over activated 4A
molecular sieves in a nitrogen glovebox.
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PbS colloidal quantum dots synthesis: PbS QD were synthesized according to the
previously reported method by Zhang et al.114 with slight modifications. In particular, after
synthesis, precipitated and re-dispersion (PR) were carried out under nitrogen atmosphere
using anhydrous methyl acetate and n-octane respectively. The process was repeated twice
to remove impurities and synthesis solvent. As-synthesized oleate capped PbS QDs have
lowest energy electronic transition (λ1s) peak centered at 880 nm (1.4 eV), indicating 2.8
nm diameter as estimated through a previously published sizing curve.115
Biphasic Ligand Exchange Process: In the bi-phasic ligand exchange process, 2 mL of
50 mg/mL of purified, oleate-capped PbS QDs in n-octane was added drop wise to 2 mL
MeOH containing 0.205 g 3-MPA (~400x ligand/QD) while stirring at room temperature.
The ligand exchange process completed within few seconds and quantum dots were
transferred from octane into MeOH forming a dark brown polar phase. Octane supernatant
was removed, 5 mL of fresh octane was added to wash PbS-MPA capped quantum dots,
and the washing step was repeated three times to remove exchanged oleate/oleic acid
ligands. After the final wash and separation of non-polar phase, 2 mL of toluene was added
to the MeOH solution to promote flocculation of the 3-MPA capped QDs (we note that
flocculation of the 3-MPA capped QDs in MeOH solution occurs slowly even in the
absence of toluene). The mixture was centrifuged at 4000 rpm for 10 min to pull down the
QDs, and the supernatant was decanted away. The QDs were then dried under flowing
nitrogen, and 2 mL of BnzAm was added (or, in a control experiment, 2 mL butylamine).
After stirring the PbS-MPA and BnzAm mixture, QDs were centrifuged at 10000 rpm for
five minutes to get rid of any undissolved particulates and filtered through 0.1 µm PTFE
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filter before spin coating on devices. Typically, the QD/BnzAm ink was obtained with a
final concentration of ~40 mg/mL.
NMR spectroscopy:

1

H NMR of the PbS-MPA in benzylamine and all DOSY

measurements were performed on a Bruker Avance III-HD 500 MHz spectrometer.
Reference spectra to aid in peak assignment were recorded on a Bruker Avance III-HD 400
MHz spectrometer. Measurements of the ink were conducted directly on the sample at ~40
mg/mL PbS QDs in normal-abundance (proteo) benzylamine, and employed 16
acquisitions with 30s delay. Measurements for MPA/benzylamine mixtures were
conducted similarly and chemical shift was referenced to a tetramethylsilane (TMS)
external standard. Reference spectra for MPA and benzylamine in methanol were recorded
in methanol-d4 and referenced to the methanol residual CH3 peak and a TMS internal
standard respectively. Full scale 1H NMR spectra. And peak assignments for MPA in
methanol-d4 were made as follows: multiplets at δ = 2.65 ppm and δ = 2.74 ppm
correspond to the methylene protons nearest to and farthest from the thiol group,
respectively. These assignments are also consistent with findings by Reinhart et al. for
MPA in DMSO-d6. Peak assignments for benzylamine in methanol-d4, in which NH2
exchanges with the solvent. (c,d) Spectra for 3% MPA and a higher concentration (~10%)
respectively in proteo-benzylamine. We note that in the MPA methylene peak positions are
nearly identical to those in methanol-d4, and we make the same assignment. In 1H NMR
spectrum of the ink the free MPA peaks are absent, and broadened resonances are found at
δ = 2.42 ppm and δ = 3.17 ppm. We assign the peak at δ = 3.17 ppm to the methylene
protons nearest the thiol on the basis of its greater shift and broadening (as expected for
ligands bound to QD surfaces).
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Figure 3.7 contains full scale 1H NMR spectra. of (a) MPA in methanol-d4 (b)
benzylamine in methanol-d4, in which NH2 exchanges with the solvent. (c,d) Spectra for
3% MPA and a higher concentration (~10%) respectively in proteo-benzylamine. We note
that in the MPA methylene peak positions are nearly identical to those in methanol-d4, and
we make the same assignment. (e) 1H NMR spectrum of the ink.
Device Fabrication: ITO coated glass substrates with area ~2 cm2 were cleaned by
washing with detergent and then sequentially sonicated in acetone, IPA, ethanol, and
dionized water for 5 minutes each before drying by nitrogen flow. Three drops of 5%
tetrabutyl titanate solution in dry ethanol were spin coated at 4000 rpm. These coated
substrates were annealed at 450°C for 30 minutes to form compact TiO2 films and were
used for photovoltaic device fabrication without further treatment. 15 μL of PbS-MPA
solution was dropped and spread on entire substrate by spinning at 1500 rpm for 30 s,
followed by annealing at 90° and left in glove box to dry. The process was repeated to
make a ~200 nm thick film. Each layer was annealed at 90°C for five minutes before
subsequent coating. The top Au-contacts were deposited using MDC e-Vap 4000 Electron
Beam Evaporation System with a base pressure 1×10−6 torr through a shadow mask. The
shadow mask also defines the active area of the devices. Au metal was deposited at a rate
of 2Å/s to get a final metal thickness of 100nm. Similarly, conductive PbS QD films were
fabricated onto a prepatterned SiO2-coated silicon substrates by spinning 15 uL QD
solution yielding a 170nm think film for lateral devices to measure sheet resistance and
photoconductivity. While spin coating and annealing were conducted under nitrogen, all
electronic measurements were done at room temperature and under ambient atmosphere.
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Figure 3.7: Full scale 1H NMR spectra.
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Figure 3.8: Full scale 1H NMR spectra of Oleate ligand in Toluene d8.

Figure 3.9: Full scale 1H DOSY NMR spectra of MPA in MeOD.
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Figure 3.10: Full scale 1H DOSY NMR spectra of MPA ligand in BnzAm

Figure 3.11: Full scale 1H DOSY NMR spectra of PbS-MP QDs in BnzAm
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CHAPTER 4
SINGLE SOLVENT-BASED p-TYPE AND n-TYPE PbS QUANTUM DOT INKS
FOR SOLUTION PROCESSABLE OPTOELECTRONICS
4.1 INTRODUCTION
Colloidal semiconducting quantum dots (QDs) have garnered great interest for next
generation of solar cells and photodetectors in recent decades. They have been explored
for this role due to their size-tunable optical properties, compatibility with solution
processing, and applicability to flexible substrates. These favorable characteristics
stimulate the realization of low-cost and scalable devices on platforms unattainable with
conventional single crystalline semiconductors. For example, multijunction solar cells
incorporating QDs offer the possibility of increasing power conversion efficiency beyond
the Shockley-Quiesser limit.
Record-setting QDs photovoltaic devices reported so far are fabricated either
entirely or in part using solid-state ligand exchange (SSLE) technique to replace long
aliphatic ligands used in the synthesis process. This is an inefficient process as only about
1% of synthesized quantum dots ends up being incorporated into the actual device116. This
process is also incompatible and complications are further compounded when vertically
stacked devices are fabricated through successive layer deposition processes.
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During this process, underneath layers are exposed to solvents with varying polarity and
ligand solutions that deteriorates the entire stack of layers. An alternative approach is to
perform solution-phase ligand exchange to formulate QD ink that can subsequently be used
to form compact film using more conservative processes e.g., spray painting or roll to roll
printing technique in a single deposition step. Attention has been given to solution-based
ligand exchanged processes to formulate quantum dot inks that can be used to produce
inexpensive photovoltaic devices with minimal waste using printing techniques. In past, it
has been reported that organic ligands with thiol moiety such as 3-mercaptopropionic acid
(3-MPA) yields p-type QD and halide passivation (I/Br) yields n-type QD107. These QDs
can be used to make a p-n junction type solar cell device. Previously these inks have
suffered from stability issues mainly due to dispersion in highly polar coordinating solvents
such as butylamine, DMF or DMSO that interact strongly with the PbS QD surface34.
However, the exposure of n-type lead chalcogenides to oxygen tends to switch n-type QD
to p-type material because oxygen can act as a p-type dopant. This shift in charge polarity
limits their use in various photovoltaic device architectures117–119.
Clearly, it is advantageous to explore more stable QD materials with enhanced
solution and ambient stability. Furthermore, having n-type and p-type ink in single solvent
system will improve the stacked device fabrication process as it’ll eliminate the
introduction of other polar solvents necessary to introduce secondary short ligand and to
wash away free original long chain ligands from the film matrix.
In this study we have developed a simple, robust and scalable solution-phase ligand
exchange process for the formation of p-type and n-type ink in a single solvent. In this
chapter we are only focusing on n-type ink as p-type ink has been explained in previous
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chapter (Chapter 3). This single solvent-based approach has raised the possibility of
forming p-n junction solar cells and photodetectors using flexible and heat-sensitive
flexible substrates. The use of benzylamine (BnzAm) as a stabilizing solvent has also
improved the stability issues arising from highly coordinating and oxidizing solvents used
previously. 96,105,107.
4.2 LIGAND EXCHANGE PROCESS
In this report we are describing highly stable halide (I−1, Br−1) capped PbS QDs,
dispersed in a single non-coordinating organic solvent, that can be used to form p-type and
n-type PbS QD solids, respectively. These inks can be used to form standalone
heterojunction and p-n junction photovoltaic devices, and should be applicable to drop
casting, spray, or roll-to-roll printing processes. The solvent system has advantage due to
its compatibility to stabilize both p-type and n-type QDs, and with rest of the device
architecture.
The biphasic ligand exchange and film deposition steps were conducted in a N2
filled glovebox. Briefly, bound oleate concentration per QD were analyzed by quantitative
NMR using ferrocene as an internal reference. A ligand population of 117/QD was
obtained by integrating bound oleate peak around 5.6ppm and ferrocene peak at ~4 ppm.
We used ~ 4-time access of I−1 and Br−1 ligands (1:1 ratio) with respect to original oleates
per quantum dot. For this purpose, 16mg of NH4I, 39mg of PbBr2 and 99mg of PbI2 were
dissolved in 1mL of benzylamine. We noted that addition of NH4I is required to dissolve
PbBr2 completely in BnzAm. One milliliter PbS QD stock solution (890 nm peak
absorbance, 2.8 nm diameter) in n-octane (PbS QDs, 1076 nanomole/mL) were added drop
wise to perform biphasic ligand exchange reaction.
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Figure 4.1: Biphasic ligand exchange process.
QDs were transferred from non-polar n-octane phase to polar BnzAm solvent after
ligand exchange reaction. Non-polar octane phase was carefully removed from top and QD
solution was washed with 2mL of neat octane solvent three time to remove any free oleate
ligand from the system. Finally, more BnzAm was added to make up the total volume to
500µL. The solution was filtered through 0.1µm PTFE syringe filter prior to chemical
analysis and film fabrication.
4.3 RESULTS AND DISCUSSIONS
Ultraviolet-visible-NIR absorbance spectra of the oleate-capped QDs in n-octane
and of the ligand-exchanged QD (PbS-X) solution are shown in Figure 4.2. Both spectra
show a distinct lowest-energy electronic excitation (exciton) peak indicating presence of
quantum confinement associated with of narrow size distribution of nanocrystals in the
samples. A red shift was observed in ligand exchanged quantum dots, that we attribute
primarily to change in surface chemistry and extension of QD’s wavefunctions to nearest
neighboring dots due to thinner ligand shell. We obtained homogenously dispersed QD
solution without significant light scattering that could have been an indication of
aggregation.
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Figure 4.2: (a) UV-Vis absorption spectra (b) transmission FTIR of pre- and postligand exchanged PbS QDs

Transmission Fourier Transform Infrared (FTIR) spectroscopy was used to assess
the extent of the ligand exchange process by drop-casting thin film on salt plate. The
absence of -CH2 stretches in ligand exchange QDs in the broad range of 2800–3200 cm−1,
confirms that organic oleate ligands have been replaced successfully Figure 4.2.
Furthermore, a comparison of the 1H NMR spectra Figure. 4.3 of PbS-OA and PbS-X
showed distinct differences. The peak at 5.7 ppm associated with vinyl protons is
significantly broadened for the oleate capped PbS QD that is an indication of strong ligand
integration to QD surface. The reference peak at ~4ppm belongs to ferrocene which was
used to quantify organic ligands in the sample.
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Figure 4.3: 1H NMR spectra of (bottom) oleate capped PbS and (top) ligand
exchanged PbS-X QDs
The PbS-X QD solution NMR spectrum showed a lack of proton peaks associated
with free or bound oleate and only peaks associated with BnzAm are present (reference
Figure 3.7). The combination of FTIR and 1H NMR spectroscopic analysis suggests the
complete exchange of native oleate ligands and the installation of halide ligands (I−1, Br−1)
on QD surface.
Previously it has been shown that energy level alignment plays an important role in
solar cell device performance89,120. Therefore, it is important to analyze relative band edge
and Fermi level positions for optimal device performance especially in vertical p-n junction
heterostructures where QDs are treated with different ligands. We employed Ultraviolet
Photoelectron Spectroscopy (UPS), Inverse Photo emission Spectroscopy (IPES) and Xray Photoelectron Spectroscopy (XPS) to characterize position of Fermi level, valance
band maximum, and conduction band minimum and surface composition in assembled
films. Different capping ligands influence the Fermi level, ionization energy (IE) and
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electron affinity (EA) in QD films differently. In this study, IE and EA are equated with
valance band maximum and conduction band minimum respectively. We used a H Lymanα photon source (E-LUX™121) with an incident photon energy of 10.2 eV for UPS and
IPES experiments.
For this purpose, QD films were fabricated in an inert glovebox environment, and
films were introduced to air atmosphere for 60 minutes to analyze the effect of air exposure
on electronic properties. Figure. 4.4(a,c) shows the secondary cutoff region that was used
to calculate the work function (WF), the graphs in the middle (b,d), shows the IE onset
with the linear fit and the graphs at right (c,e), shows the IPES with the linear fit for PbSMPA and PbS-X samples respectively.

Figure 4.4: The UPS graphs of as prepared and air exposed thin films of PbS-MPA and PbSX showing (a,c) the secondary cut-off region to calculate the work function (WF) (b,d) the IE
onset with the linear fit and (c,e) the IPES graphs with the linear fit

Under inert atmosphere, it was observed that I/Br treatment leads to a more n-type
character in assembled films (EA is essentially at EF). On the contrary, MPA capped QDs
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are fairly neutral. Exposure to air has a significant effect on band energies. It has
comparatively less influence on PbS-X QDs but PbS-MPA samples has developed a more
p-type character. This shift in Fermi level can play an important role in charge separation
in heterojunction stacked devices operating in a normal air atmosphere.
The Fermi energy levels of PbS QDs shifted by up to 0.2 eV and conduction band
up to 0.6eV in air as compared to inert atmosphere, depending on the ligand chemistry.
This shift in energy can be credited to the influence of the total sum of ligand-QD interface
dipole moment and the intrinsic dipole moment of the ligand117,121. Th shift in energy levels
in air exposed samples could be due to oxidation of QD surface. The energy levels can also
be influenced by the degree of passivation because trap filling can affect the surface doping
parameters. The shift of PbS-MPA samples towards more p-type character is an indication
of surface oxidation that is consistent with reported literature122. We confirmed this
hypothesis by probing the surface chemistry using XPS analysis. The XPS spectra of Pb 4f
core level indicates the shift in binding energy that we attributed to oxidation of Pb atoms
on the surface.

Figure 4.5: XPS spectrum of the Pb 4f peak for PbS-MPA and PbS- for air free and air
exposed samples.
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Figure 4.6: Energy levels ECBM, EVBM and EF (with respect to vacuum level) for PbSMPA and PbS-X measured through UPS for air free and air exposed samples.

UPS measurements on PbS QD films fabricated in inert atmosphere and exposed
to air offer information on occupied electronic states providing numerical data about Fermi
level EF, CBM and VBM that is given in Figure 4.6. These results indicate the importance
of the measurements and the knowledge of energy levels while designing an optoelectronic
device architecture. It also stresses on the fact that chemical environment greatly influence
these values and the measurements must be carried out in an environment that is close to
the working environment during the device operation.
4.4 FUTURE PROSPECTS
In literature, high efficiency photovoltaic devices based on colloidal quantum dots
are based on p-n junction heterostructures. This architecture allows efficient charge
separation and extraction during device operation. Many of these device uses a p-type QD
layer or polymeric hole transport layer that is deposited through layer-by-layer ligand
exchange and film fabrication approach. This LBL technique exposes the previous layers
to polar solvents. This process also introduced the incoming ligands and the one that are
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being replaced, deep into already formed film matrix. This process compromises the
chemical structure of entire device and electronic charge transport. To deal with these
issues, in this study we have developed n-type and p-type QDs that are dispersed in a single
solvent system. This will allow researchers to not only fabricate stacked devices using more
conservative film fabrication routes like spray coating and printing but will also preserve
the chemistry of previous layers protecting its optoelectronic properties for maximum
power output. Additionally, these colloidally stable inks fulfil an important design criterion
for efficient p-n junction design that is a positive ΔECB, given by123:
𝑨
𝜟𝑬𝑪𝑩 = 𝑬𝑫
𝑪𝑩𝑴 − 𝑬𝑪𝑩𝑴

Eq.4.1

𝐷
𝐴
Here, 𝐸𝐶𝐵𝑀
is the VBM of donor (p-type, electron donor) and 𝐸𝐶𝐵𝑀
VBM of accepter (n-

type, electron accepter) material. ΔECB must be sufficiently large for efficient separation of
photogenerated charge carriers by preventing unwanted back transfer.
4.5 MATERIALS AND METHODS
The following reagents for synthesis and subsequent ligand exchange were used as
received. Lead (II) oxide (PbO, 99.9%), anhydrous toluene (99.8%), and 1,2-ethanedithhiol
(EDT, 98%) were purchased from Alfa Aesar. Bis(trimethylsilyl) sulfide ((TMS)2S, 95%)
and 1-octadecene (ODE, 90%) were purchased from Acros Organics. For PR
(Precipitation/re-dispersion) purification, methyl acetate (MeOAc, 99 %) purchased from
Millipore Sigma was purged with nitrogen for 60 minutes and dried over activated 4A
molecular sieves in a nitrogen glovebox.
PbS colloidal quantum dots synthesis: PbS QD were synthesized as mentioned in
Chapter 3. As-synthesized oleate capped PbS QDs have lowest energy electronic transition
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(λ1s) peak centered at 880 nm (1.4 eV), indicating 2.8 nm diameter as estimated through a
previously published sizing curve.
Biphasic Ligand Exchange Process: A ligand population of 117/QD was measured by
integrating bound oleate peak around 5.6ppm and ferrocene peak at ~4 ppm. The 4-time
access of I−1 and Br−1 ligands (1:1 ratio) with respect to original oleates per quantum dot
by dissolving 16mg of NH4I, 39mg of PbBr2 and 99mg of PbI2 in 1mL of benzylamine.
We noted that addition of NH4I is required to dissolve PbBr2 completely in BnzAm. One
milliliter PbS QD stock solution (890 nm peak absorbance, 2.8 nm diameter) in n-octane
(PbS QDs, 1076 nanomole/mL) were added drop wise to perform biphasic ligand exchange
reaction. QDs were transferred from non-polar n-octane phase to polar BnzAm solvent
after ligand exchange reaction. Non-polar phase was carefully removed from top and QD
solution was washed with 2mL of neat n-octane three time to get rid of any free oleate
ligand from the system. Finally, more BnzAm was added to make up the total volume to
500µL and solution was filtered through 0.1µm PTFE syringe filter.
NMR spectroscopy: 1H NMR of the PbS-OA and PbS-X deuterated toluene and in normal
proteo benzylamine were performed on a Bruker Avance III-HD 400 MHz spectrometer.
Reference spectra for PbS-OA and benzylamine in methanol were recorded in methanold4 and are given in Chapter 3. Figure 3.7 contains full scale 1H NMR spectra
Sample preparation for UPS/IPES/XPS: ITO coated glass substrates with area ~2 cm2
were cleaned by washing with detergent and then sequentially sonicated in acetone, IPA,
ethanol, and dionized water for 5 minutes each before drying by nitrogen flow. 15 μL of
PbS-X solution was dropped and spread on entire substrate by spinning at 1500 rpm for 30
s, and left in glove box to dry. The process was repeated to make a ~50 nm thick film.
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UPS: H Lyman-α photon source (E-LUX™121) with photon energy 10.2 eV was used to
collect data that is plotted as binding energy with respect to EFermi.
XPS: PHI 5600 ultrahigh vacuum system (UHV) with a hemispherical electron energy
analyzer was used. The system was equipped with Al Kα source (1486.6 eV, PHI 04-548
dual anode X-ray source) for excitation. The sample were analyzed for small area at 45°
angle and the pass energy of 23.5 eV
IPES: A 280 nm filter was used and data is plotted as binding energy with respect to Evac.
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CHAPTER 5
AgBiS2 QUANTUM DOT INK FOR ENVIRONMENT FRIENDLY SOLUTION
PROCESSABLE OPTOELECTRONICS
5.1 INTRODUCTION
Solution processable semiconducting materials, especially colloidal quantum dots (QD)
with size-dependent bandgap, have gained much attention for their applications in flexible
optoelectronic devices. These materials are important as they don’t need complicated
equipment and hug setup investment for industrial applications124. Among the available
most economical processing technologies, spray or roll to roll printing, require a kind of
nano-ink that can be deposited in a single step fabrication process. Doing so, thin-film
stacked devices and circuitry can be formed on heat-sensitive and flexible substrates to
make flexible wearable devices and sensors125,126. To date, cadmium and lead sulfide are
the best performing and promising QD nanomaterial systems for solar cells and Near
infrared (NIR) photodetectors127. However, these QDs are affected by restriction of
hazardous substances (RoHS) directives. In many parts of the world there is now, or soon
to be, legislation to restrict, and in some cases ban the toxic heavy metals in consumer and
household appliances such as lighting equipment, consumer electronics, leisure & sports
equipment125,128. Therefore, there is a strive for non-hazardous, earth-abundant QD
materials, free of toxic heavy metals.
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Recently, environment-friendly silver bismuth sulfide (AgBiS2) nanocrystals has
emerged as a RoHS compliant material for its application in low cost and flexible
optoelectronics129. Inert under ambient atmospheric conditions, AgBiS2 colloidal
nanocrystals with lower dimensions exhibit the band gap values of 1–1.32eV with high
extinction coefficient of < 105 cm–1, and promising photoconductivity has been
demonstrated as an alternative to PbS CQDs18,130–132.
Since the discovery of colloidal QDs, one of the main challenges is to assemble
these NCs into defect free and compact film. Mostly, NCs are synthesized in the presence
of surfactant molecules (surface ligands) to preserve NC’s size and maintain colloidal
solubility. In order to fabricate functional device and promote charge transport, these bulky
insulating ligands are partially or fully exchanged with smaller molecules during device
fabrication process. Early studies of ligand exchange reaction in AgBiS2 systems are
limited to a tedious layer-by-layer (LBL) solid state deposition and ligand exchange
process. In order to get a reasonably thick and compact films, 10-15 cycles of alternating
coating, treatment, and washing steps are involved suing large amount of solutions, which
is a waste of resources and as only about 1% of the synthesized NCs ends up being
incorporated into final assembled device133. This sequential technique does not allow good
quality films and the extent of ligand exchange depends on reactivity and penetration depth
of incoming ligand molecule. This LBL technique is not suitable to form flexible devices
on polymeric substrates that is a major application for colloidal quantum dots. This process
also involves washing steps using large quantities of polar and non-polar solvents that
deteriorates the previous layers and the substrate itself. Electronically, unwashed residual
ligands incoming ligands and unreplaced native ligands along with dangling bonds can also
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form barriers and traps to limit the flow of charge carriers126,134. These problems can be
overcome by performing ligand exchange completely in solution phase to form NCs inks.
These inks then can be used through more conservative and industrial film deposition
techniques that are free from sequential chemistry such as, spray coating, roll to roll
printing and doctor blading. This process offers the potential for deposition of thicker
uniform films in a single step fashion to fabricate large area and flexible devices on heat
and solvent sensitive substrates.
Previously, almost all AgBiS2 device reports to date have used a solid-state ligand
exchange (SSLE) process form NCs assembly to fabricate conductive thin films. We
recently published a study on a fast solution phase ligand exchange process to generate
iodide stabilized AgBiS2 nanocrystal inks through a biphasic transfer reaction. In this
approach NCs with long chain ligands are dispersed in a non-polar solvent while short
chain ligands and ions are dissolved in polar solvent. After biphasic ligand exchange, these
NCs then can be washed with neat non-polar solvent to remove native ligands. The ligand
exchange reaction, on mixing both solutions, brings the NCs from non-polar to polar
solvent where the stability of particles relies largely on electrostatic stabilization34,135. To
date, most solution phase ligand exchange reports are on installing metal-free inorganic
ligands or metal chalcogenide complexes 134,136–138 resulting in n-type conductivity in these
films. There are handful reports on p-type inks due to the difficulty of stabilizing thiol
based small molecules in polar solvents. We published a report on stabilizing 3marcatopropionic acid (MPA) capped PbS QDs in benzylamine through electrostatic
interaction between ligand and solvent. In this report, we are extending the concept in
formulation of environment friendly, less toxic MPA stabilized AgBiS2 QDs ink to
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fabricate flexible NIR photodetectors for advanced deployment in next-generation of
robotics in food industry and personal healthcare in biomedical devices.
5.2 SOLUTION PHASE LIGAND EXCHANGE PROCESS
The AgBiS2 ink formulation process is outlined in Figure 5.1. Briefly, oleate
capped AgBiS2 QD were synthesized through a hot injection method. In first step, silver
and bismuth precursor are reacted with oleic acid to form metal oleates in the presence of
octadecene which is a high boiling noncoordinating solvent. In second step, Sulphur was
added to the oleate mixture at an elevated temperature under inert atmosphere to form
AgBiS2 QD (detailed procedure is given in method section). As synthesized QDs were
isolated from growth solvent and reaction by-products using centrifugation process.
Methyl acetate was used as anti-solvent to promote aggregation. Isolated QD were then
redispersed in neat n-octane, aggregated again using methyl acetate, centrifuged and were
isolated. These purified solid QD were then redispersed back into anhydrous n-octane
solvent inside glove box. Oleate concentration in this QD sample was estimated using
quantitative NMR, by introducing ferrocene as an internal standard. Since nanocrystal
sizing curves are not available in literature for AgBiS2 to calculate QD concentration and
consequently ligand per dot, we used quantitative NMR to measure total oleate ligand
concentration in the system. We compared the ferrocene peaks as reference to quantify
strongly interacting oleate specie to estimate the oleate concentration in the sample. We
estimated oleate concentration ~ 2.9×10-5 mole/mL. For ligand exchange, 32mg of MPA
(doubled the oleate concentration) was dissolved in methanol. 2mL of QDs, dispersed in
n-octane were added to MPA solution dropwise under vigorous stirring to accelerate ligand
exchange. As a result of this exchange, QDs were transferred from non-polar n-octane
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phase (top) to polar MeOH phase (bottom). The top n-octane layer was carefully decanted.
Fresh n-octane was added to dissolve and remove any leftover oleate ligand from the
system, this process was repeated three times. After removal of n-octane in last wash cycle,
QDs were centrifuged at 2000rpm and access MeOH was removed. Benzylamine was
added as solvent and leftover MeOH from the mixture was removed under partial vacuum.
This prepared ink was then passed through a 0.1um PTFE syringe filter and was used for
analytical characterization and to build photodetector devices using spin coating technique.
Here, MeOH has the dual advantages of weaker interaction with the QD surface as
compared to mostly used dimethylformamide (DMF). Its low boiling point compared to
BnzAm allows the effective removal of methanol from the QD-MPA/BnzAm/MeOH
mixture under partial vacuum.
We have performed comprehensive quantitative and qualitative analysis on the
MPA-capped AgBiS2 quantum dot ink, and on photoconductive test devices made using it.

Figure 5.1: Biphasic ligand exchange process.
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5.3 RESULTS AND DISCUSSIONS
Ultraviolet-visible absorbance spectra of the oleate-capped QDs in octane and of
the ligand-exchanged AgBiS2-MPA QD in BnzAm are shown in Figure 5.2a. Since,
AgBiS2 does not exhibit a strong quantum confinement, it lacks the characteristic’s
absorbance peak as observed for other such QDs with stronger confinement due to larger
Bohr’s radius. The overall absorbance curve is similar for both pre and post ligand
exchanged QDs. To further evaluate efficacy of ligand exchange process, we used
transmission mode FTIR spectroscopy. For this purpose, thin QD films were prepared
using drop casting technique onto salt plat.

Figure 5.2: (a) UV-Vis absorption spectra of pre- and post-ligand exchanged AgBiS2
QDs (b) FTIR absorption spectra of films

Resulting transmission FTIR spectra are shown in Figure 5.2b. The suppression of
strong peak around 2900cm-1 indicates the removal of -CH2 of oleate ligand. A new peak
around corresponds to -SH around 2800cm-1 appears that confirms the installation of thiol
containing MPA ligands on AgBiS2 quantum dots139,140. Since both native ligand (oleate)
and incoming ligand (MPA) contains -CH2 groups, it is difficult to establish the extent of
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ligand exchange process. NMR is a convenient and most suitable technique to identify
organic matter in solution samples. We used 1D 1HNMR and Diffusion Ordered 1H
Spectroscopy (DOSY) NMR techniques to identify the species present in pre and post
ligand exchange samples.

Figure 5.3: (a) 1H NMR spectrum of QD-MPA in benzylamine. Inset: magnified scale
revealing MPA methylene resonances. (b) Corresponding DOSY plot indicating slow
effective diffusion constant for MPA interacting with the QD surface.
For the ligand exchanged samples, proteo solvent with natural abundance of proton
was used due to unavailability of deuterated BnzAm solvent. In the 1D 1H spectrum is
shown in Figure 5.3a, indicates no free or bound or OA could be detected in the final ink
solution. On the other hand, the alkyl proton peaks of MPA in the QD-MPA sample are
significantly broadened and shifted from those observed when MPA is added to clean
BnzAm solvent in the absence of QDs (Figure 3.7). The broadening of NMR signals
indicates that there is only single species of MPA in the sample that is strongly coordinating
with QD’s surface at NMR’s timescale. Diffusion ordered spectroscopy; a pseudo-twodimensional NMR technique, is a powerful tool to separates NMR signal based on
difference in diffusion constants and identifies which species in solution participate at the
surface of QDs141,142. Any such specie attached to the surface of the QD act as a large
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molecule and diffuse slowly. DOSY technique taking advantage of difference in diffusion
constants, separates the 1H signals of species bound to the QD from those that are free
molecules. For a molecule with free and bound population in a sample, the observed
diffusion coefficient is weighted average of free and bound fractions.
DOSY NMR analysis Figure 5.3b confirms the identify of ligands on the surface
of QDs by comparing the diffusion coefficient of MPA in AgBiS2-MPA sample to that of
free MPA in neat BnzAm solvent. The diffusion constant of MPA in QD sample was
significantly lower indicating that MPA is the only specie bound to the QD under the
conditions studied.

Figure 5.4: Powder Xray Diffraction (P-XRD) analysis of pre and post ligand
exchanged quantum dots with a reference peak pattern of AgBiS2 unit cell in the
cubic phase
AgBiS2 system has been shown to exhibit two phases, β-phase with a cubic
structure and α-phase which has a trigonal-hexagonal structure. However, it is important
to obtain single phase material to mitigate disorder in fabricated films and only cubic phase
has been shown to exhibit quantum confinement when nano crystallite size is reduced with
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high extinction coefficient127. As, Ag metal nanoparticles, AgS2 and BiS2 form stable
compositions with all possible intermediate species Ag(x)Bix(x−1)S2, it is vital to
characterize the material crystal structure. We performed powder x-ray diffraction (XRD)
analysis to examine crystal structures of nanocrystals. Powder XRD patterns of as-prepared
and ligand exchanged AgBiS2 nanocrystals is shown in Figure 5.4, that confirms the
formation of phase pure highly crystalline cubic AgBiS2 nanocrystals without the presence
of any other species or additional impurities. All XRD peaks are in perfect agreement with
reference ICDD AgBiS2 -1959 confirming cubic schapbachite phase of AgBiS2.
Table 5.1. Elemental composition of pre and post ligand exchanged dot
AgBiS2 OA

AgBiS2 MPA

Element

Atomic (%)

Atomic (%)

Ag

25.01 ± 2.6

19.41 ± 2.06

Bi

23.01 ± 1.4

20.6 ± 1.28

S

51.98 ± 2.8

59.99 ± 2.9

For the quantitative examination, we used energy dispersive X-ray analysis (EDX)
to determine the elemental composition of QDs. Our results indicates that Ag and Bi are
present in nearly 1:1 ratio, in as synthesized and ligand exchanged quantum dots Table
5.1. There is no observable change in elemental composition pre and post ligand exchanged
QD except the increased Sulphur (S) content from the edition of MPA which contain thiol
moiety to bound to QD surface.
Scanning transmission electron microscope (STEM) was used to confirm the
formation of nanocrystals and observe any change before and after ligand exchange
process. Images displayed in Figure 5.5 revealed a significant decrease in the interparticle
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distance between neighboring MPA-capped dots deposited from the BnzAm solvent
compared to those with oleate capping. This is consistent with a thinner ligand shell in post
ligand exchange dots, while the QDs retain a similar size distribution. Any change in the
quantum dot size is negligible.
Spin coating technique is a convenient method at laboratory scale to form very thin,
smooth, and uniform films for test devices but the ink-based approach can be used in
variety of other deposition techniques such as spray coating, doctor blading and roll to roll
printing for industrial applications. For this study, assembled AgBiS2 quantum dot film
morphology and electronic properties were analyzed by depositing QD ink on Si/SiO2
substrate using a low-speed spin coating technique. We formed two-terminal lateral
transport devices on Si/SiO2 substrates with pre-patterned Ti/Au (15 nm/25 nm thickness)
bottom contacts defined by photolithography and formed by electron beam evaporation.
Atomic force microscopy was used to analyses film thickness and film morphology Figure
5.5c.

Figure 5.5: STEM images of (a) oleate capped and (b) MPA capped AgBiS2 QDs (c)
atomic force microscopy micrograph
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The film showed a very smooth surface morphology with a RMS surface roughness
of 2.2nm that is comparable to other state of the art quantum dot systems deposited through
more traditional layer by layer ligand exchange and film fabrication approach110,111. Such
a smooth film morphology is important to reduces the possibility of short circuiting and
prevent current leakage in vertically stacked devices.112. In first set of electronic
measurements, film conductivity was measured using the transfer line model (TLM) that
can separate material’s resistivity from contact resistance. For a ~90nm thick film
deposited through spin coating technique, we obtained a film resistivity of 3.6×103 KΩ.cm
(conductivity of 2.8×10−7 S/cm). These conductivity values are an order of magnitude
better than previously published18 values for AgBiS2 and on par to some early reports of
the other state of the art quantum dot systems70. Since this material is developed for
application in photodetection devices, the devices were tested for photoresponse.

Figure 5.6: Photocurrent trace of bottom contacted device under chopped 444nm light
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When shined with 444nm laser light the device responded very quickly to exhibit
increased conductivity under 10V applied bias. The 55 microseconds turn Off time was
observed indicating material’s suitability in high-speed photodetectors Figure 5.6. This
on/off time is much shorter than previously reported values that are in several seconds143.
The heterojunction vertical stacked device is an appropriate configuration for a
photodetection device that allowed us to make asymmetric contacts to the light absorbing
layer. This is also an appropriate structure to establish the type of majority charge carriers
in the material. In this configuration, an n-type wide bandgap oxide (ZnO, TiO2) is used
as electron collection layer improving charge extraction in photovoltaic operations144 . To
evaluate AgBiS2 material for photodetection application, we fabricated a vertical stacked
device (ITO/TiO2/AgBiS2-MPA/Au) using spin coating TiO2 and QD ink. A top gold
electrode approximately 100nm thick was defined and deposited using a shadow mask and
ebeam metal evaporation technique.

Figure 5.7: (a) a vertically stacked heterojunction device structure (b) I-V curve under
dark and 444nm monochromatic light, inset depicts the band edge positions
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The I-V curves under dark and illumination is shown in Figure 5.7. This rectifying
I-V confirms AgBiS2 as a p-type material. This is a key requirement to efficiently extract
photoexcited holes by keeping the dark conductivity as low as possible to get improved
detectivity of photo detecting devices145. We used an unoptimized film thickness for this
test device that can be optimized for improved device performance. Film thickness plays
an important role for a photodetection device as there is always a trade-off between light
absorption and charge extraction before it recombines. The later can be overcome by
operating the device in reverse bias that widens the depletion region and enhances the
photocurrent generation. We measured the external quantum efficiency (EQE) in NIR
region near the bandgap (800nm to 1500nm) at 500mV reverse bias using Equation 5.1.
𝑅=

𝐼𝐿𝑖𝑔ℎ𝑡 + 𝐼𝐷𝑎𝑟𝑘
𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡

Eq.5.1

Figure 5.8 indicates the responsivity curve for a heterojunction device, while the incident
power was measured using a commercial photodetector with known responsivity.

Figure 5.8: Action spectrum of heterojunction device at 500mV reverse bias
indicating wavelength dependent response in terms of responsivity.
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This device exhibits similar photoresponsivity as reported earlier146. We also
measured the optical and electronic bandgap of AgBiS2 QD using UV-vis-NIR absorbance
in solution, assembled solid film and using responsivity curve. The tauc plot fitting model
for amorphous materials was used to estimate a bandgap of 1.1eV in post ligand exchange
solution phase QD sample, 1.02eV in thin film on glass and 1.05eV electronic bandgap
Figure 5.9. These values are consistent with previous reports and confirms the detectivity
of AgBiS2 QD up to NIR wavelengths making it a suitable choice for light detection in
biomedical applications18.

Figure 5.9: (a) Action spectrum of heterojunction device, absorption curves for
solution phase and a thin film of AgBiS2 QDs (b) Tuac plot fitting curves for (b) QD
in solution (c) QD thin film on glass substrate (d) photoresponse action spectrum at
500mV reverse bias.
5.4 FLEXIBLE PHOTODETECTOR
For the fabrication of flexible QD photodetectors, we have fabricated a photodetection
device using polyethylene terephthalateto (PET) substrate in a lateral device configuration.
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The assembled device with top gold electrodes works as a photoresistor. For this purpose,
a 100nm thick QD film was fabricated using low speed spin coating technique and top gold
contacts were realized using a shadow mask and electron beam metal deposition process.
Assembled devices were tested in flat and bent mode to demonstrate a bendable
performance under 444nm incident light Figure 5.10. Surprisingly, the photoresponse of
these lateral flexible devices was almost unchanged when bent to 180° as demonstrated in
Figure 5.10f. The devices were tested in flat mode and when curved with 1” and 0.5” radius
of curvature.

Figure 5.10: Flexible device structure fabricated on PET substrate (a) top view of
lateral device (b) side cross-sectional view of device (c) bent device with 1 inch radius
(d) bent device with ½ in radius (e) optical image of actual flexible device in bent form
(f)dark and photocurrent response of the device in flat and bent forms.
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5.5 CONCLUSION
In this study, we realized an environment friendly, less toxic QD ink that combines
excellent colloidal stability with anticipated industrially compatible thin film deposition
using spray coating and roll to roll printing techniques. This low-cost ink exhibit excellent
optoelectronic characteristics and smooth film morphology important for stacked
heterojunction devices necessary to obtain superior photo detectivity. We then employed
this ink to demonstrate its applicability in heterojunction and flexible photodetection
devices operating in NIR spectral range for food industry and biomedical applications. This
low-cost solution processable will enable integration of QDs into mechanically robust
flexible photodetectors for various advanced utilizations that the rigid counterparts cannot
perform.
5.6 MATERIALS AND METHODS
Silver(I) acetate (Ag(OAc), ≥ 99 %), Bismuth(III) acetate (Bi(OAc)3, ≥ 99 %), and
ammonium iodide (NH4I, ≥ 99.0 %) were purchased from BeanTown Chemical. Oleic acid
(≥90 %) was purchased from Alfa Aesar. Bis(trimethylsilyl) sulfide ((TMS)2S, 95 %), noctane (97 %), and 1-octadecene (ODE, 90 %) were purchased from Acros Organics.
Methyl acetate (MeOAc, 99 %) was purchased from Millipore Sigma. Octane, ODE and
MeOAc were dried under activated molecular sieves in a nitrogen glovebox following
degassing under partial vacuum prior to use. All other reagents were used as received
without further modification.
AgBiS2 colloidal quantum dots synthesis: Colloidal AgBiS2 nanocrystals were
synthesized using a modified reported procedure130. In a nitrogen glovebox, Bi(OAc)3 (1
mmol, 386 mg), Ag(OAc) (0.8 mmol, 134 mg), ODE (2 mL) and Oleic acid (17 mmol,
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4.974 g) were loaded to a 100 mL 3-neck round bottom flask attached with an air
condenser. The reaction mixture was degassed under vacuum at 100 °C for 30 minutes with
stirring to form silver and bismuth precursors. The reaction vessel was then purged with
nitrogen gas, and TMS2S (1 mmol, 210 µL) diluted in 5 mL of ODE was swiftly injected
at an injection temperature of 100 °C, forming the crude, brown reaction product. The
heating mental was removed and reaction flask was cooled to room temperature naturally
and the reaction flask was protected from light until the precipitation step.
AgBiS2 nanocrystals were isolated from reaction mixture under air free conditions using
dry MeOAc as the antisolvent. Separated QDs were redispersed in neat n-octane solvent
and process was repeated twice to remove reaction by-products and solvents. The purified
sample was stored in a nitrogen glovebox in n-octane for further use.
Biphasic Ligand Exchange Process: For ligand exchange, 32mg of MPA (doubled the
oleate concentration) was dissolved in 2mL of methanol. 2mL of QDs, dispersed in noctane were added to MPA solution dropwise under vigorous stirring to accelerate ligand
exchange process. As a result of this exchange, QDs were transferred from non-polar noctane phase (top) to polar MeOH phase (bottom) and the top n-octane layer was carefully
decanted. Octane layer from top was removed, fresh n-octane was added to dissolve and
remove any leftover oleate ligand from the system, this process was repeated three times.
After removal of n-octane in last wash cycle, benzylamine was added as solvent and MeOH
from the mixture was removed under partial vacuum. This prepared ink was then passed
through a 0.1um PTFE syringe filter and was used for analytical characterization and to
build photodetector devices using spin coating technique.
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NMR spectroscopy: 1H NMR of the AgBiS2-OA were performed on a Bruker Avance IIIHD 400 MHz spectrometer and AgBiS2-MPA in benzylamine and all DOSY measurements
were performed on a Bruker Avance III-HD 500 MHz spectrometer. Oleate concentration
in this QD sample was estimated using quantitative NMR, where ferrocene was used an
internal standard. Since nanocrystal sizing curves are not available in literature for AgBiS2
to calculate QD concentration consequently ligand per dot, we used quantitative NMR to
measure total oleate ligand concentration in the system. Ferrocene was used as an internal
reference to quantify strongly interacting oleate specie to estimate the secondary ligand
concertation to achieve a complete ligand exchange. We estimated oleate concentration ~
2.9×10-5 mole/mL.
Device Fabrication: ITO coated glass substrates with area ~2 cm2 were cleaned by
washing with detergent and then sequentially sonicated in acetone, IPA, ethanol, and
dionized water for 5 minutes each before drying by nitrogen flow. Three drops of 5%
tetrabutyl titanate solution in dry ethanol were spin coated at 4000 rpm. These coated
substrates were annealed at 450°C for 30 minutes to form compact TiO2 films and were
used for photodetecting device fabrication without further treatment. 15 μL of AgBiS2MPA solution was dropped and spread on entire substrate by spinning at 1500 rpm for 30s,
the process was repeated to make a ~100 nm thick film. The top Au-contacts were
deposited using MDC e-Vap 4000 Electron Beam Evaporation System with a base pressure
1×10−6 torr through a shadow mask. The shadow mask also defines the active area of the
devices. Au metal was deposited at a rate of 2Å/s to get a final metal thickness of 100nm.
Similarly, conductive AgBiS2 QD films were fabricated onto a prepatterned SiO2-coated
silicon substrates and PET flexible substrates by spinning 15 uL QD solution and repeating
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the process 4 times to yiel a ~100nm think film for lateral devices. While spin coating and
annealing were conducted under nitrogen, all electronic measurements were done at room
temperature and under ambient atmosphere.
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CHAPTER 6
PROBING GROWTH INTERFACE DEFECTS AND CONDUCTION MECHANISM
IN AlGaN/GaN HEMT DEVICES USING SCANNING PHOTOCURRENT
MICROSCOPY
6.1 INTRODUCTION
III-nitride semiconductor materials (Al, In, Ga)N, that provide good charge mobility, high
breakdown electric field, and excellent thermal conductivity, have been explored for their
applications in high-frequency, high power, and high-temperature power electronics. The
GaN based High electron mobility transistors (HEMTs) are currently taking over consumer
power electronics such as laptop and mobile chargers converting 110 V AC power to 19 or
6 V DC, smart solar inverter and compact power switches for electric vehicles, 5G
switches, and nuclear powerplant applications147–150. The tunable wide bandgap AlxGa1xN (AlGaN) alloys (<300nm for ~40% Al) also enables them for true solar blind
photodetection devices with potential applications in secure space communications, highly
sensitive missile plume detectors, flame detectors, and ozone monitoring systems151,152.
These devices are compatible with monolithic integration, and with sufficiently low dark
current, these are suitable for low noise, fast, and compact photodetector operating at large
bandwidth153,154. These advantages are all expected to improve with scaling from GaN to
Al-rich AlGaN alloys due to their increased ultra-wide bandgap (UWBG).
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The UWBG provides for low leakage, high power handling and improved thermal
management in a small footprint.
Despite these advantages, AlGaN/GaN based HEMT devices are limited by
electrically active defects leading to slow response times >100s, often accompanied by
persistent photocurrent (PPC)155,156. These could lead to catastrophic degradation in
applications, such as in class D amplifiers and power switches150,157,158. These deep-level
defects lead not only to slow speeds but also contribute towards a large unwanted subbandgap photoresponse159. These defects are associated with the surface, material, and/or
interface states, especially in the barrier layer and back interfaces160,161. it is generally
recognized that both, extended 1D threading dislocations and point defects are challenging
the material's application. The extended defects arise from epitaxial growth of GaN on nonnative substrates, induce premature breakdown and limit peak electric field strength162,163.
Point defects arise from strain and atomic vacancies from growth, act as electron/hole trap
centers, delaying the escape of charge carriers thereby increasing the response time164,165.
Collectively, these sub-bandgap defects result in visible light sensitivity, loss of gate
control, frequency dispersion, current collapse, and shift in threshold voltages151. While
these defects influence the on-state performance, they more severely impact the off-state
performance. Low levels of defects can cause large amounts of leakage, and speed limiting
in switching applications, where nanosecond rise times are required to exceed the
performance of silicon based devices166,167.
The physical mechanisms underlying how sub-bandgap defects in III-N influence
a device’s performance is important to understand and predict the behavior and failure
mechanism of these devices. Given the geometry of these devices, neither capacitance
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measurements nor current-based techniques have the spatial resolution to isolate the
influence of these sub-bandgap defects.
Here we show that Scanning photocurrent microscopy (SPCM) with visible
excitation (443nm) can spectrally isolate and image these sub-bandgap defects Figure 6.1c.
We established that, it is possible to spatially resolve electrically active traps using gate
dependent SPCM analysis. The technique also enables us to study current conduction
mechanisms in AlGaN/GaN devices in different operating regimes through polarity
resolved SPCM measurements. Based on our SPCM results, we hypothesize that traps at
the back interface in these device structures worked as a parallel conduction path along
with the two dimensional electron gas (2DEG) channel Fig-6.2c.
SPCM is a nondestructive and ideal technique to characterize photoelectrical
properties of light-sensitive devices. It has been used to study junction behavior, electronic
band structures of metal-semiconductor contacts, and defects in a variety of materials168,169.
Recently we have extended this technique to two-dimensional material systems based on
graphene to report defect analysis and junction behavior in a hybrid quantum dot graphene
device67,170,171. This technique uses a diffraction-limited, focused light beam to locally
excite a semiconductor into non-equilibrium, generating electron-hole pairs. If these
injected charge carriers can reach the nearby electrodes before recombination, a
photocurrent signal is observed. This photocurrent is recorded simultaneously with the
light signal reflected from the sample as a function of position to create a 2D photocurrent
map that is spatially registered to the device layout. The incident light beam is chopped,
resulting in AC photocurrent signal that is detected with a lock-in amplifier, locked at the
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laser frequency, recording only photocurrent, rejecting dark and DC components, enabling
us to measure small photocurrent responses on top of a large dark current.
6.2 RESULTS AND DISCUSSION
A schematic of the device is shown in Figure 6.1a. The AlGaN/GaN HEMT was grown
on a single side polished sapphire substrate. Metal-organic chemical vapor deposition
(MOCVD) technique was used to fabricate 3µm AlN template, 3µm GaN channel, 1.5nm
AlN spacer, and 30nm Al0.28Ga0.72N delta-doped barrier. Photolithography and e-beam
metal evaporation techniques were used to pattern and deposit TiAl/TiAu (thickness:
110/130nm), source and drain electrodes that were subsequently annealed to form ohmic
contacts with the 2DEG and were capped with NiAu contact pads. A Ni/Au schottky gate
electrode was defined and deposited by a similar process without annealing.

Figure 6.1: (a) optical micrograph of HEMT device (b) schematic diagram of
AlGaN/GaN LDG & LGS represents access region (channel between drain-gate and gatesource electrodes), these are not covered with any contact metals, ovels indicating beam
penetration depth of incident electrons for cathodoluminescence measurements (c)
cathodoluminescence spectrum indicating sub-bandgap emission and responsivity
action spectrum
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This final device was 20µm between source and drain, and 10µm wide gate leaving access
regions LDG and LGS with length of ~5µm each Figure 6.1b. This HEMT device exhibited
a characteristic n-channel (Ns = 1.2×1013 cm-2) FET transconductance with an on/off ratio
of 2.1×104 and a pinch-off at ~10.2V Figure 6.2a.
These structures were characterized using luminescence and photoresponsivity
techniques that provide qualitative and quantitative information about growth defects155.
These techniques can provide beam energy dependent (penetration depth increase with
increased beam energy) vertical spatial information. From the cathodoluminescence (CL)
spectrum Figure 6.1c, it is evident that sub-bandgap defects in GaN, as well as at the
AlN/GaN interface are responsible for the broad defect shoulder centered around 440nm,
as reported before in literature155. To spectrally isolate this defect signature, a sub-bandgap
443nm laser was chosen to probe these optically active growth defects using SPCM. The
choice of this sub-bandgap wavelength corresponds to ~100x lower photoresponsivity
(A/W) compared to above-bandgap region. This 100x fall-off is much weaker than the >104
expected for GaN due to its direct bandgap indicating the strong role of sub-bandgap
defects172.
To demonstrate the significant sub-threshold photoresponse required for SPCM,
steady state, spot I-V measurements under 443nm sub-bandgap illumination were
performed Figure 6.2a. A significant photocurrent in the output characteristics leading to
responsivities as high as 2.1×105A/W (Figure 6.1c) or external quantum efficiencies > 104
was observed. The transfer characteristics showed a 0.6V shift in threshold voltage (Vth)
under illumination, corresponding to a photogenerated sheet carrier (Ns) density increase
of 7×1011cm-2 or ~6%.
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Figure 6.2: (a) Transfer curves under LDG and LSG side illumination, inset shows output
characteristics (b) C-V curve, inset shows band diagram (c) Proposed parallel
conduction path at back interface underneath the 2DEG
This shift was persistent for wide area and spot I-Vs on LDG and LSG regions. The
large increase in photocurrent for the relatively small increase in Ns is due to
photoconductive gain, also known as persistent photocurrent (PPC), commonly observed
in III-N devices 173,172. This PPC is often ascribed purely to the channel arising from bare
surfaces and sub-optimal interfaces. The physics responsible for these leakage pathways
are incorporated in GaN device circuit models and the gate leakage is ignored as it is
typically a small component of overall leakage above Vth in the on-state.
In this study, we demonstrate experimentally that an additional leakage mechanism
through the gate/source diode is required to completely describe sub-threshold nonidealities. Given that the activation energies for the Schottky gate are likely different from
that of the bulk GaN channel layer, as well as from that at the AlN/GaN interface (band
diagram, Figure 6.2b) this is critical for developing temperature dependent circuit models
in GaN devices for near term applications in power amplification. This becomes even more
important in emerging UWBG AlGaN devices, which are pseudomorphic to the AlN
templates, presenting a very different interface than the AlN/GaN.
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This is the first study in AlGaN/GaN HEMTS, reporting the observation of
photocurrent due to sub-bandgap response, and not the thermal current as reported
previously174. We ruled out any significant contribution from thermal photocurrent on the
basis that photocurrent signals are centered in the access regions and there are is no
appreciable photocurrent under the contacts because they are opaque to incident light174.
We use VG dependence of SPCM to vertically profile sub-bandgap photocurrent,
while the spatial distribution around contacts is monitored using the ~1um spot size in our
SPCM. A VDS dependence allows pinch-off near the drain to also be imaged above Vth as
the device is biased from triode region into saturation Figure 6.3b. Considering the slow
photoresponse (39 ms) of the device Figure 6.6b we chose a chopping frequency of 27Hz
for SPCM and “X” (in-phase) & “Y” (out of phase) current components were recorded and
mapped separately to better understand the direction of flow of current. That is different
from commonly used wide-area illumination experiments for photoresponse. As a result,
we have identified a parallel conduction pathway that is present at the back interface,
underneath the 2DEG’s active channel. These defects can manifest in the drain-source
channel, as well as the gate-source diode.
We fixed the VDS at 2V, which is small enough to ensure both mechanisms to be
there, without pinching-off drain end too severely and scanned the gate in three distinct
operating regimes, above threshold (VG >> Vth), near subthreshold (VG ~ Vth), and deep
sub threshold (VG << Vth).
In the first set of measurements, we observed that when VGS >> Vth, there is no noticeable
photocurrent and conduction is dominated by the highly conductive 2DEG channel. In this
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state, any contribution from photogenerated charge carriers is overwhelmed by the
channel's very high conductivity Figure 6.3.

Figure 6.3: Gate sweep SPCM at fixed 2VSD (a) In phase photocurrent map (a) Total
photocurrent current (magnitude) map
In second set of measurement: the gate was scanned just below Vth. As we started to
approach near Vth, photocurrent signals started to appear in access regions that we
attributed to photo gain. It was observed that, when scanned around the threshold voltage,
the in-phase component of photocurrent switched directions from positive to negative and
started to flow in opposite direction in LDG and LSG access regions indicating two different
conduction mechanisms appear at different drain-gate bias combinations Figure 6.4a.
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Figure 6.4: In phase photocurrent maps (a) Gate sweep SPCM at fixed 2VSD (b) Drain
voltage sweep SPCM at fixed VG = -12V

In near-threshold regime, on exciting on LDG and LSG side, the observed
photocurrent is positive (forward current increases when light intensity increases). This
positive photocurrent is due to the ionization of the traps at the back interface that enables
electron injection into the 2DEG channel, effectively shifting its threshold Figure 6.5a.
The de-trapped electron from the defects has to re-trap thermally upon removal of
illumination (Figure 6.2b, band diagram), leading to a slow transient Figure 6.6b, thereby
resulting in the large photoconductive gain and corresponding high responsivity 2×
105A/W Figure 6.1c. This is the classic PPC identified previously173.
In the second case, just below threshold (VG =−12V < Vth), on exciting on LDG side,
drain potential is enough to pull the photogenerated electrons. The positive charges left
behind by trap ionization are eventually neutralized by the electron flow through the back
interface, the overall result being a positive photocurrent (indicated by red color) observed
at the source Figure 6.5bx. While we excite on the LSG side, drain’s potential is insufficient
to catch generated electrons and positive charges are quickly neutralized by gate leakage

102

current and electrons then make their way to source as shown in Fig-4bx, giving a negative
photocurrent signal on the SPCM map at LSG side Figure 6.5by.
In third case: further going in the deep sub-threshold regime we, see that negative
photocurrent in LDG channel as well which can be explained by if there is conduction and
electron collection through this back interface Figure 6.5c. All electron conduction in the
channel is shut down by further depletion of 2DEG. The back interface charges up under
illumination changing the Ns in channel. Electron in channel recirculates until the original
carrier re-traps thermally back to the charged trap at interface.

Figure 6.5: From top to bottom schematic of charge separation, current flow under
illumination, and resulting SPCM’s in-phase output measured at source electrode at
2VSD, -11VG (b) 2VSD, -12VG, “bx” indicates and illumination on LSG side and “by”
indicates and illumination on LDG side (c) 2VSD, -16VG and illumination on LDG side
The photo generated positively charged defects left behind by de-trapped electrons
are then fulfilled by the gate’s leakage current giving a negative photocurrent signal on the
SPCM map on both LDG and LSG channels.
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The depletion of 2DEG, and trap assisted conduction mechanism is further
supported by drain voltage sweep Figure 6.4b, in which drain voltages were increased
from low (50mV) to high (5V) at the fixed gate −12VG. Results indicate that if a large
enough drain bias is applied, one can have collection of photogenerated carriers at the
drain-side channel as well which is not visible for near-zero drain voltages. That means
relative contribution from gate and drain varies depending upon the applied bias conditions.
Also, a controlled experiment with shorted and floating drain confirms the collection at
gate schottky junction Figure 6.6a. At low/zero drain-source voltage, with the 2DEG
channel firmly switched off with VG < Vth, only the buried path plays a role in conduction.

Figure 6.6: (a) In phase photocurrent map of controlled SPCM experiment with drain
floating, short to ground and -200mV bias (a) lifetime measurement under sub-threshold
condition (-12VG) and sub-bandgap (444nm) illumination

The direction of the photocurrent on each side corresponds to what one might expect for
charge separation between the semi-insulating GaN layer and the n-type channel. But, as
the gate voltage approaches the threshold, some of the electrons generated at this buried
junction make their way into the channel, which has high mobility and gives a positive
current, for positive drain-source voltages. At large negative gate bias, VG << Vth, the gate
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Schottky collection contributes significantly and dominates the current collection on both
sides of the gate.
6.3 CONCLUSION
In conclusion, for the first time, we show that charge collection at the gate-source
Schottky junction, as well as photoconductive gain due to drain-source channel modulation
by sub-bandgap light that can be distinguished for AlGaN/GaN HEMT device. We also
show that by varying the gate voltage to tune the channel carrier density, the sub-bandgap
response is significantly reduced in the on-state, demonstrating the use of SPCM for
diagnosing device-limiting deep defects in the III-nitrides. Our results from floating/short
Drain based SPCM indicates photo-induced charge carrier generation is deep in GaN
structure and the charge collection at the gate is responsible for the opposite sign of current
collected at lead-in regions. These results will enable more robust device designs by
spatially isolating these defects.
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